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ABSTRACT 

Metal-poor stars hold the key to our understanding of the origin of the elements and the chemical 
evolution of the Universe. This chapter describes the process of discovery of these rare stars, the 
manner in which their surface abundances (produced in supcrnovac and other evolved stars) arc 
determined from the analysis of their spectra, and the interpretation of their abundance patterns to 
elucidate questions of origin and evolution. 

More generally, studies of these stars contribute to other fundamental areas that include nuclear 
astrophysics, conditions at the earliest times, the nature of the first stars, and the formation and 
evolution of galaxies - including our own Milky Way. This is illustrated with results from studies 
of lithium formed during the Big Bang; of stars dated to within ~1 Gyr of that event; of the most 
metal-poor stars, with abundance signatures very different from all other stars; and of the build-up 
of the elements over the first several Gyr. The combination of abundance and kinematic signatures 
constrains how the Milky Way formed, while recent discoveries of extremely metal-poor stars in the 
Milky Way's dwarf galaxy satellites constrain the hierarchical build-up of its stellar halo from small 
dark-matter dominated systems. 

Two areas needing priority consideration are discussed. The first is improvement of abundance 
analysis techniques. While one-dimensional, Local Thermodynamic Equilibrium (1D/LTE) model 
atmospheres provide a mature and precise formalism, proponents of more physically realistic 3D/non- 
LTE techniques argue that 1D/LTE results are not accurate, with systematic errors often of order 
~0.5dex or even more in some cases. Self-consistent 3D/non-LTE analysis as a standard tool is essen- 
tial for meaningful comparison between the abundances of metal-poor stars and models of chemical 
enrichment. 

The second need is for larger samples of metal-poor stars, in particular those with [Fe/H] < -4 
and those at large distances (20 — 50kpc), including the Galaxy's ultra-faint dwarf satellites. With 
future astronomical surveys and facilities these endeavors will become possible. This will provide 
new insights into small-scale details of nucleosynthesis as well as large-scale issues such as galactic 
formation. 

Subject headings: Galaxy: formation — Galaxy: halo — stars: abundances — early Universe — nuclear 
reactions, nucleosynthesis, abundances 



1. INTRODUCTION 

A few minutes after the beginning of the Universe, 
the only chemical elements that existed were hydro- 
gen (~0.75 by mass fraction), helium (~0.25), and a 
minisculc amount of lithium (~2xl0~ 9 ). Today, some 
13.7 Gyr later, the mass fraction of the elements Li - U 
in the Milky Way galaxy stands at ~0.02, essentially all 
of it created by stellar nucleosynthesis. Metal-poor stars 
provide the foundation for our understanding of the in- 
tricate details of the manner in which this enrichment 
occurred. 

The astronomer Carl Sagan summarized cosmic chem- 
ical evolution in just one sentence, "We are made from 
star stuff". Studying stars that are extremely under- 
abundant in their heavy elements (collectively referred 
to as "metals" ) takes us right to the heart of this state- 
ment. These objects allow us to study the origin of the 
elements that were subsequently recycled in stellar gener- 
ations over billions of years until ending up in the human 



body. 

The rationale for analyzing metal-poor stars is that 
they are long-lived, low-mass objects, the majority of 
which arc main-scqucncc and giant stars that have pre- 
served in their atmospheres the chemical signatures of 
the gas from which they formed. Given that the over- 
all Universe was largely devoid of metals at the earliest 
times, it is generally assumed (and borne out by analysis) 
that low metallicity indicates old age. For these objects 
to be still observable, their masses are of order 0.6 - 
0.8 Mq. By measuring their surface composition today, 
one can "look back" in time and learn about the nature 
of the early Universe. Another vital assumption is that 
the stellar surface composition has not been significantly 
altered by any internal "mixing" processes or by external 
influences such as accretion of interstellar material that 
would change the original surface abundance. 

Analysis of old, metal-poor stars to study the early 
Universe is often referred to as "stellar archaeology" and 
"near-field cosmology" . This fossil record of local Galac- 
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tic metal-poor stars provides unique insight into the en- 
richment of the Universe, complementing direct studies 
of high-rcdshift galaxies. 

1.1. The Role of Metal-Poor Stars 

The abundances of the elements in stars more metal- 
poor than the Sun have the potential to inform our un- 
derstanding of conditions from the beginning of time - 
the Big Bang - through the formation of the first stars 
and galaxies, and up to the relatively recent time when 
the Sun formed. An incomplete list of the rationale for 
studying metal-poor stars includes the following. 

• The most metal-poor stars ([Fe/H] < —4.0), 
with primitive abundances of the heavy elements 
(atomic number Z > 3), are most likely the oldest 
stars so far observed. 

• The lithium abundances of extremely metal-poor 
near main-sequence-turnoff stars have the potential 
to directly constrain conditions of the Big Bang. 

• The most metal-poor objects were formed at 
epochs corresponding to redshifts z > 6, and probe 
conditions when the first heavy element producing 
objects formed. The study of objects with [Fe/H] 
< -3.5 permits insight into conditions at the earli- 
est times that is not readily afforded by the study 
of objects at high redshift. 

• They constrain our understanding of the nature of 
the first stars, the initial mass function, the explo- 
sion of super- and hyper-novae, and the manner 
in which their ejecta were incorporated into subse- 
quent early generations of stars. 

• Comparison of detailed observed abundance pat- 
terns with the results of stellar evolution calcula- 
tions and models of galactic chemical enrichment 
strongly constrains the physics of the formation 
and evolution of stars and their host galaxies. 

• In some stars with [Fe/H] ~ —3.0, the overabun- 
dances of the heavy-neutron-capturc elements are 
so large that measurement of Th and U is possible 
and leads to independent estimates of their ages 
and hence of the Galaxy. 

• Stars with [Fe/H] < -0.5 inform our understanding 
of the evolution of the Milky Way system. Rela- 
tionships between abundance, kinematic, and age 
distributions - the defining characteristics of stel- 
lar populations - permit choices between the vari- 
ous paradigms of how the system formed and has 
evolved. 

1.2. Background Matters 
1.2.1. Essential Reading 

The study of metal-poor stars for insight into the chem- 
ical evolution of the Universe has resulted in a rich liter- 
ature, embracing diverse areas. The reader will find the 
following topics and reviews of considerable interest. 

For the context of the early chemical enrichment of the 
Universe, and how one might use met al-poor stars to ex- 
plore back in time to the Big Bang see lBromm fe Larson! 



l(200l . iFrebell (|20H . and IPagel (fl997h . To under- 
stand how one determines the chemical abundances of 
stars, the important abundance patterns, and h ow re - 
liable the results are, re fer to I Wheeler et all (fl98l . 
ISneden et all (|200l . and lAsplundl (|2005D . Other rele- 
vant questions and reviews include t he following. How 
does o ne discover metal-poor stars: iBeers fe ChristlieE 
(|2005[ ). What is the r ole of abundan ce in the stellar 
ippul ation paradigm: Sandagc (119861). iGilmore et all 
1989D . and iFreeman fc Bland-Hawthorn! (|2002H How 
do th e abundances con strain galactic chemical enrich- 
ment: IMcWilliaml (fl997l l What progress has been made 
in understanding the supernovae and hypernovae tha t 
produc e the chemic al elements: iTimmes et all (|1995l) . 
lArnettl (|1996l ). and iKobavashi et all (|2006l) . and refer- 
ences therein. These reviews are of course not one- 
dimensional, and in many cases they describe matters in 
several of the topics highlighted above. They will repay 
close reading by the interested student. 

1.2.2. Abundance Definitions 

Most basically, e(A), the abundance of element A is 
presented logrithmically, relative to that of hydrogen (H) , 
in terms of N A and Nh , the numbers of atoms of A and 
H. 

log 10 e(A) = log 10 (7V A /iVH) + 12 

(For lithium, the abundance is mostly expressed as A(Li) 
= loge(Li); and for hydrogen, by definition, logioe(H) = 
12.) For stellar abundances in the literature, results are 
generally presented relative to their values in the Sun, 
using the so-called "bracket notation" , 



[A/H] = log 10 (iVA/iVH)* - log lo (7V A /iVH) 
= log lo e(A)*-log lo e(A) , 
and for two elements A and B, one then has 

[A/B] = log 10 (7V A /iVB)* - log 10 (7V A /iVB) Q 

In the case of the Fe metallicity, [Fc/H] = 
\og 10 (N Fc /N H )+ - log 10 (N Fc /N H )o. For example, 
[Fc/H] = -4.0 corresponds to an iron abundance 
1/10000 that of the Sun. 

For completeness, it should be noted that with the 
bracket notation one needs to know the abundance not 
only of the star being analyzed, but also of the Sun, the 
chemical composition of which h as recently been revi sed 
substantially for some elements (|Asplund et alll2009D . 

1.2.3. Nomenclature 



iBaadel {1944), in his seminal paper on the subject, 
defined two groups of stars, Type I and Type II, which 
today are referred to as Population I and Population II. 
The first referred to young stars, including open clus- 
ters, which reside in the disk of the Galaxy, while the 
second includes its globular clusters, and essentially all 
of its known metal-poor stars. In what follows, Popu- 
lation II will be referred to as the "halo", which defines 
the spatial distribution of the population. It has been 
speculated that a so-called Population III exists, which 
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TABLE 1 

Metal-Poor Star Related Definitions 



Description Definition Abbreviation a 

Population III stars postulated first stars, formed from zero-metallicity gas Pop III 

Population II stars old (halo) stars formed from low-metallicity gas Pop II 

Population I stars young (disk) metal-rich stars Pop I 



Solar 

Metal-poor 
Very metal-poor 
Extremely metal-poor 
Ultra metal-poor 
Hyper metal-poor 



[Fe/H 

Fe/H' 

Fe/H 

Fc/H 

Fc/H 

Fc/H 



= 0.0 

< -1.0 

< -2.0 

< -3.0 

< -4.0 

< -5.0 



MP 
VMP 
EMP 
UMP 
HMP 



Carbon-rich stars 


[C/Fe] > +0.7 for log(L/L ) < 2.3 


CEMP 




[C/Fe] > (+3.0 - log(L/L )) for log(L/L Q ) > 2.3 


CEMP 


n-capture-rich stars 


0.3 < [Eu/Fo] < +1.0 and [Ba/Eu] < 


r-I 


n-capturc-rich stars 


[Eu/Fe] > +1.0 and [Ba/Eu] < 


r-II 


n-capture-rich stars 


[Ba/Fc] > +1.0 and [Ba/Eu] > +0.5 


s 


n-capture-rich stars 


0.0 < [Ba/Eu] < +0.5 


r/s 


n-capture-normal stars 


[Ba/Fe] < 


no 



Note. — Carbo n-rich stars a ppear with r- and s-process enha ncements also. The CEMP 
definitions are from lAoki et al.l (|2007l ) and differ somewhat from lBeers fe Christlicb (|2005l ). 
a Commonly used in the literature. 



comprises the elusive first stars. With the advent of de- 
tailed cosmological simulations of primordial star forma- 
tion, the term "Population III" is now widely used only 
for stars that first formed from zero-metallicity gas that 
consisted only of hydrogen, helium and traces of lithium. 
The most metal-poor stars currently known are thus ex- 
treme mem bers of Population II . 

Following iBeers fe Christliebl (|2005l) (with some mod- 
ifications and additions) the nomenclature listed in Ta- 
bic [T] will be adopted for different types of metal-poor 
stars in terms of population, metallicity and chemical sig- 
natures. As can be seen, the main metallicity indicator 
is the iron abundance, [Fc/H]. Iron has the advantage 
that among the elements it has the richest absorption 
line spectrum in the optical region, facilitating determi- 
nation of Fe abundance independent of the wavelength 
range covered by the spectrum. With few exceptions, 
[Fe/H] traces the overall metallicity of the stars fairly 
well. 

1.3. Plan of Attack 

For convenience, and the purposes of this chap- 
ter, the term "metal-poor" will be taken to mean 
stars in the Milky Way system having [Fc/H] < -1.0. 
This embraces all of th e "metal-poor" categories of 
IBeers fe Christliebl ()2005h shown here in Table 1. It will 
confine our attention principally to field stars and glob- 
ular clusters of the Galactic halo and the Galaxy's dwarf 
galaxy satellites. Further, if one accepts the Galactic 
age-metallicity relationship presen ted, for example, by 
iFreeman fe Bland-Hawthornl (|2002t ) , this restricts discus- 
sion to star formation and associated chemical enrich- 
ment that occurred during the first ~4 Gyr following the 
Big Bang. Our abundance restriction also includes part 
of the so-called "me tal-weak thick disk (MWTD)" (sec 
IChiba fe Fle ers 20QO) and the Galactic bulge, neither of 
which will be discussed here. Currently, no major works 
have been carried out that attempt to elucidate differ- 



ences between halo and MWTD abundance patterns. 
The bulge, on the other hand, is believed to be the site of 
some of the very first star formation, the result of which 
is seen today admixed with overwhelming later genera- 
tions at the Galaxy's center, precluding insight into its 
metal-poor population. This is work for the future. 

In Section 2, the search for metal-poor stars will be 
briefly outlined, and what has been discovered so far. 
Section 3 is concerned with the manner in which chem- 
ical abundances are determined (and their reliability). 
An overview of metallicity distribution functions (MDF) 
of globular clusters, field stars, and satellite dwarf galax- 
ies is also given. A major focus of this chapter is an 
introduction to the interpretation of the relative abun- 
dances, [X/Fe], and the corresponding chemical patterns 
observed in metal-poor stars. Against this background, 
in Section 4, the body of metal-poor stellar abundances 
is presented, and the general abundance trends are dis- 
cussed in light of expectations set by models of stellar 
evolution and galactic chemical evolution (GCE). In Sec- 
tion 5, age determination in a small class of extremely 
metal-poor stars which have huge r-process element en- 
hancement is described. In Section 6, the implications of 
deduced abundances for the cosmogony of the early Uni- 
verse and the Milky Way system are considered. Finally, 
in Section 7, the possibilities and challenges of the future 
are outlined. 

2. DISCOVERY - THE SEARCH FOR NEEDLES IN THE 
HAYSTACK 

2.1. Historical Perspective 

Chemical abundance (along with spatial distribution, 
kinematics, and age) is one of the basic paramet ers that 
define stellar populations (see e.g.. lSandagelll986l ). In the 
middle of the twentieth century, however, as noted by 
Sandage, "There had grown up a general opinion, shared 
by nearly all spectroscopists, that there was a single uni- 
versal curve of all the elements, and that the Sun and all 
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the stars shared ... precisely ... this property of identi- 
cal ratios of any element A to hydrogen". Subtle spec- 
troscopic differences that had been documented at that 
time were thought to result from differences in physi- 
cal conditions in the a tmospheres of stars rather th an in 
chemical composition. iChamberlain fe All or (|1951j ) pro- 
foundly changed this concept with their chemical abun- 
dance analysis of the "A-type subdwarfs" HD 19445 and 
HD 140243, for which they reported [Fe/H] ([Ca/H]) = 
-0.8 (-1.4) and -1.0 (-1.6), respectively. Their work 
clearly established the existence of stars with elemen- 
tal abundances (relative to that of hydrogen) lower than 
in the Sun, and that these lower abundances played a 
critical role in determining the strength of their spectral 
features. (It should be noted in passing that these early 
values are believed to have been overestimates, with the 
currently accepted val ues for Fe being [Fe/H] ~ —2.0 and 
-2.5, respectively. See lSandagd (|1986l Footnote 2) for an 
interesting sociological comment on the differences be- 
tween the_ea£hej_and curren t values.) Soon after that 
work, iBurbidge et al.l (|1957ft reviewed the case for the 
nucleosynthesis of almost all of the chemical elements 
within stars. In the decades that followed, exhaustive 
searches for, and analysis of "metal-poor" stars - as il- 
lustrated in Figure Q] - have led to the discovery of stars 
with lower and lower values of [Fc/H] until, at time of 
writing, two objects with [Fe/H] ~ —5.5 are known. 

Two major developments, relevant to the present dis- 
cussion, occurred in parallel with the early chemical 
abundance analyses of stars. The first was the wide ac- 
ceptance of the "Big Bang" paradigm as the most likely 
description of the Universe . The s econd was the demon- 
stration by I Wagoner et al.l (|1967ft . for example, that at 
the era of decoupling of radiation and matter, some min- 
utes after the singularity, no elements beyond lithium 
had been produced (if isotropy and homogeneity were 
assumed) . 

One might then enquire how best observationally to 
examine the manner in which the chemical enrichment 
of the Universe proceeded. A first approach would be 
to investigate objects at high redshift, such as galaxies 
and the L yman -a clo uds seen in the spec t ra of quasars. 
iSongailal (|2001ft and iRvan- Weber et alj (|2009f ) report 
that for redshifts z = 5.0 and 6.0, measures of Si IV and 
C IV (Songaila) and C IV (Ryan- Weber et al.) observed 
column densities imply intergalactic metallicity Ziqm ^ 
3.5xlO~ 4 Z and (9 ± 5)xlO~ 5 Z Q , respectively. Assum- 
ing solar abundance ratios, these intergalactic values cor- 
respond to [Fe/H] > -3.4 and -4.0. It is also important 
to note in this context the recent anal yses of very metal- 
poor Damped Lyman-a systems (see ICooke "etni1[20rl 
that are currently observed out to redshifts z ~2 - 3, and 
which report abundances of ~6 elements, down to [Fc/H] 
~ —3.0. Far-field cosmological measurements thus cur- 
rently reach to abundance limits 30 times larger than 
those observed in the most metal-poor stars in the Milky 
Way. Further, while to date only C and Si are observed 
at high redshift (z > 5), some 8-9 elements are mea- 
surable in Galactic stars observed to hav e [Fe/H] = -5.5 
(jChristlieb et al.l[200llF7ebel et al.ll2005h . That is to say, 
it seems reasonable to suggest that the most metal-poor 
stars have the potential to serve as the best cosmological 
probes of chemical enrichment at the earliest times. 



2.2. Search Techniques 

Metal-poor field stars are rare. To begin with, the 
proportion of stars in the solar neighborhood that be- 
long to the halo popul ation is only ^10 -3 (see e.g., 
iBahcall fe Soneiral 11980ft . Further, as a rule of thumb, 
the simple chemical enrichment model of the halo of 
Hartwick (1976; see Section 13.2.11 below) suggests that 
the number of stars should decrease by a factor of ten 
for each factor of ten decrease in abundance. For ex- 
ample, the number of stars with [Fe/H] < -3.5 should 
be smaller by a factor 100 than the number with [Fe/H] 

< -1.5. (For observational support for this suggestion, 
down to [Fe/ H] ~ —4.0, below which it breaks down, see 
iNorrisi (|1999ft ). Roughly speaking, given that the stellar 
halo MDF peaks at [Fe/H] = —1.5, in the solar neighbor- 
hood one might expect to find ~1 in 200,000 stars with 
[Fe/H] < -3.5. 

One thus needs to filter out disk stars if one wishes 
to find metal-poor stars. While important bright ex- 
tremely metal-poor stars have been discovered somewhat 
serendipitously (e.g., the re d giant CD— 38° 245 with 
[Fe/H] = -4.0 and V = 12.8: iBessell fe Norrislll98l . for 
stars brighter than B ~ 16 this has to date been sys- 
tematically achieved in one of two ways. The first uses 
the fact that the halo does not share the rotation of the 
Galactic disk, and a large fraction of its members have 
relatively high pr oper motions. The first sta r with [Fe/H] 

< -3.0 (G64-12; [C arnev fe Peterson! 119811 ) was discov- 
ered in this way. The major surveys to date that ut ilized 
this techniqu e are t hose of IRvan fe Norrisl (Il991al) and 
iCarnev et al.l (|1996ft , whose samples each comprise a few 
hundred halo main-sequence dwarfs with [Fe/H] < -1.0, 
and who together report ~10 stars having [Fe/H] < -3.0. 

The second method has been more prolific and utilizes 
objective-prism spectroscopy with Schmidt telescopes, 
which permit one to simultaneously obtain low-resolution 
spectra (resolving power R (= A/AA) ~ 400) of many 
stars over several square degrees. Examination of the 
strength of the Ca II K line at 3933.6 A with respect 
to that of nearby hydrogen lines or an estimate of the 
color of the star permits one to obtain a first estimate 
of whether the star is metal-weak or not. Candidate 
metal-poor stars are then observed at intermediate reso- 
lution (R ~ 2000) to obtain a measurement of the metal 
abundan ce of the star. The techni ques are described in 
detail by iBeers fe Christliebl (|2005ft , who also document 
important surveys that have obtained first abundance es- 
timates for some tens of thousands of stars brighter than 
B - 16.5 with [Fc/H] < -1.0. 

The most importa nt Schmidt survey s to date have 
been the HK survey (IBeers et al.l |1992|) and th e Ham- 
burg/ESO Survey (RES) (IChristlieb et al J 12008ft . In or- 
der to give the reader an appreciation of the scope and 
many steps involved in the process, here is a brief de- 
scription of the HES. According to N. Christlieb, the 
HES consists of some 12 million stars in the magnitude 
range 10 < B < 18. In an effective survey area of some 
6700 square degrees, ^21,000 candidate metal-poor stars 
were selected, for which, at the time of writing, follow- 
up spectroscopy has been obtained of ^5200. Prelimi- 
nary metal-poor candidates were selected in several steps 
to arrive at candidate lists for which medium-resolution 
spectroscopy was sought. Due to limitations of telescope 
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Fig. 1. — [Fe/H] for the most metal-poor star then known as a function of epoch. The symbols denote the abundance determined 
by the authors, while the horizontal lines refer, approximately, to currently accepted values. (The abundances are based on 
one-dimensional, Local Thermodynamic Equilibrium model atmosphere analysis. See Section [3. II ) 



time and target faintness, it was common that not all 
stars could be observed. In the original candidate list 
in the magnitude range 13.0 < B < 17.5 there were 
~3700 red giants of which about 1700 w ere observed at 
medium-resolution (|Schorck et al.l I2009D . together with 
~3400 near-main-sequence-tu rnoff stars, of which ^700 
have follow-up spectroscopy (|Li et al.l 120101) . There is 
also a bright sample of ^1800 stars having B < 14.5, 
for all of which medium resolution spectra were obtained 
by iPrebel et al.l (|2006|) . From these samples, the most 
metal-poor candidates were selected for high-resolution 
observation. Various considerations determined whether 
a star was ultimately observed. These include telescope 
time allocations, observability and weather conditions 
during observing time, target brightness, reliability of 
the medium-resolution result, science questions to be ad- 
dressed, and of course the preliminary metallicity of the 
star. Given these limitations, fainter stars remain unob- 
served on the target lists due to time constraints. 

To this point the discussion has been confined to sur- 
veys that have concentrated on discovering candidate 
metal-poor stars with B < 17.5, with follow-up medium- 
resolution spectroscopy complete in most cases to only 
somewhat brighter limits. Surveys that reach to con- 
siderably fainter limits are the Sloan Digital Sky Survey 
(SPSS ) and the subse quent SEGUE-I and II surveys (see 
http://www.sdss.orgl, which have obtained spectra with 
resolving power R ~ 2000, and are also proving to be a 
prolific source of metal-poor stars. In a sample of some 
400,000 stars, SPSS/SEGUE has discovered 26,000 stars 
with spectra having S/N > 10, and [Fe/H] < -2.0 (based 
on these intermediate- resolution spectra), while some 400 



have [Fe/H] < -3.0. 

The search for metal-poor stars remains a very active 
field, with several exciting projects coming to comple- 
tion, currently in progress, and planned. This matter 
will be further discussed in Section [7J 

2.3. High-Resolution, High S/N Follow-Up Spectroscopy 

The final observational step in the discovery pro- 
cess is spectroscopy of the most significant objects 
(e.g., most metal-poor, or most chemically peculiar) 
at very high resolving power (R ~ 10 4 - 10 5 ) and 
S/N > 100, in order to reveal the fine detail re- 
quired for the determination of parameters such as accu- 
rate chemical abundances, isotope ratios, and in some 
cases stellar ages. This is best achieved with 6 - 
10 m telescope/echelle spectrograph combinations - cur- 
rently HET/HRS, Kcck/HIRES, Magellan/MIKE, Sub- 
aru/HPS, and VLT/UVES. 

In order to give the reader a feeling for both the role 
of increased resolution and the manner in which decreas- 
ing metallicity affects the observed flux, Figure [2] shows 
the increase in spectroscopic detail between intermediate 
(R ~ 1600) and high (R ~ 40000) resolving power for 
four metal-poor red giants of similar effective tempera- 
ture (T e ff ) and surface gravity (log g) as metal abundance 
decreases from [Fe/H] = -0.9 to -5.4 (for HE 0107-5240, 
the most metal-poor giant currently known). 

2.4. Census of the Most Metal-Poor Stars 

This section presents a census of stars having [Fc/H] 
< -3.0 and for which detailed high-resolution, high S/N, 
published abundance analyses are available. The data 
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Fig. 2. — (Upper panel) Spectra at intermediate resolution (R ~ 1600) of metal-poor red giants over the range -5.4 < [Fe/H] 
< -0.9. Note the strong decrease in the strengths of the Ca II H & K lines at 3933.6 and 3968.4 A. The numbers in the panel 
represent T e ff/log <?/[Fe/H]. (Lower panel) Spectra of the same stars at R ~ 40000 on the range 3900 - 4000 A. (Note that 
while the CallH&K lines are very weak in the most metal-poor giant, HE 0107-5240, many more lines have appeared. These 
are features of CH (the positions of which are indicated immediately above the spectrum) resulting from an extremely large 
overabundance of carbon relative to iron in this object. 
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Fig. 3. — Hertzsprung-Russell diagram of the ~130 
known metal-poor stars with [Fe/H] < —3.0 stud- 
ied at high-resolution (from the compilation of IFrebell 
|20T0T ). 14 stars with [Fe/H] < -3.6 are marked 
with open squares. Typical error bars are indicated 
at bottom right. Several 12 Gyr isochrone tr acks (from 
|http : / / www. astro . yale . edu/demarque/yy iso . ht ml | for differ- 
ent metallicities are overplotted tor illustration. As can be 
seen, the main-sequence turnoff shifts significantly to hotter 
temperatures at [Fe/H] < -2.0, whereas the giant branch is 
less affected. 

set comprises s ome 130 objec ts, and may be found in the 
compilation of IFrebell (|2010f ). Figure |3] shows the dis- 
tribution of the stellar parameters effective temperature, 
T c ff , and surface gravity, log g, of these objects, in com- 
parison with several 12 Gyr isochrones of different metal- 
licities, [Fe/H], in the Hertzsprung-Russell diagram. The 
vast majority of the stars are luminous red giants (4000 K 
< T cff < 5500 K, 0.0 < log g < 3.5), but about 25 main- 
sequence stars near the turnoff (5800 K < T e g < 6600 K, 
3.5 < log g < 4.5) are also known. A similar ratio is 
maintained for metallicities below [Fc/H] = —3.6. (The 
atmospheric parameters T e g, log g, and [Fe/H] are the 
essential stellar parameters that determine the structure 
of a star's outer layers and the details of its emergent 
flux, as will be discussed in Section |3~T1 ]) 

Figure H] presents the histogram of [Fe/H] for the same 
group of objects. Two things are worth noting from this 
diagram. First, the number of stars decreases precipi- 
tously as one moves towards lowest abundance, and sec- 
ond, the proportion of carbon-rich objects increases dra- 
matically. The implications of this remarkable behav- 
ior are discussed further in Section 16.11 More generally, 
roughly 10% of the objects in this sample (often those 
with enhanced carbon) reveal a chemical nature that is 
different from that of "normal" halo stars. These objects 
are of particular interest as they can be used to address a 
variety of astrophysically important questions. Arguably, 
the most interesting stars in the sample are those with 
metallicities [Fe/H] < —3.5. It is probably reasonable 
to say that all stars known to have [Fe/H] < —3.5 from 
medium-resolution spectroscopy and B < 16.5 are in- 
cluded in this diagram, given their potential for insight 
into the early Universe. 

There are eight stars known to have [Fe/H] ~ —4.0 or 
less. One of them is CD-38° 245 (|Bessell fc Norrisll 19841: 



iNorris et ail 120011) . the first star with [Fc/H] 4.0. 

It was discovered some 30 years ago, and was a long- 
standing record holder for the most iron-poor object in 
the Milky Way. It has been observed and analyzed many 
times by most research groups working in the field. Only 
four stars in this very small sample have [Fe/H] < —4.3, 
with two having [Fe/H] < -5.0. In 2001, the first 
star with [Fe/H] < —5.0 was discovered. Until then, 
it had not been clear whether objects with metallici- 
ties lower than that of CD— 38° 245 existed. This ob- 
ject, HE 0107-5240, is a faint (V = 15.2 ) red giant 
with [Fe/H] = -5.3 (jChristlieb et all 12001 . In 2004, 
the bright (V = 13.5) subgiant HE 1327-2 326 was iden- 
tified and shown to have [Fc/H] = —5.4 (|Frebel et al.l 
120051) . corresponding to ~ 1/250000 of the solar iron 
abundance. This small stellar Fc number density trans- 
lates to an actual iron mass that is about 100 times less 
than that of the earth's iron core! Both stars were found 
in the Hamburg/ESO survey. Since then, no further ob- 
jects with such record-low Fe values have been discov- 
ered. As outlined in Section [7] new surveys will provide 
additional chances to uncover more of these rare stars. 

The paucity of stars with -5.3 < [Fe/H] < - 4.3 
sparked considerable interest among theorists, with some 
suggesting that there may be a physical reason for this 
appa rent gap in the meta llicity distribution function 
(e.g.. lShigevama et al.ll2003l ). The discovery, ho wever, of 
the red giant HE 0557-4840 (INorris et al.ll2007D and the 
dwarf star SDSS J102915+172927 (jCMaueLalJ [2011 
both with [Fe/H] ~ —4.7 (adopting ID Fc abundances) 
confirmed that extremely limited discovery statistics be- 
low [Fe/H] ~ —4.3, driven by only four stars, are most 
likely the cause of the apparent gap. 

In summary, as of mid-2010, numerous stars with 
[Fe/H] < —3.0 have been discovered and many (~130) 
have been analyzed with high-resolution spectroscopy. 
Stars with [Fe/H] < —3.5 are much rarer, but most likely 
all known examples (~25) of them have high-resolution 
spectroscopic analyses. Only four stars with [Fe/H] < 
—4.3 are known, of which two have [Fe/H] < —5.0. 

2.5. The Lowest Observable Metallicity 

What is the lowest abundance one might be able to 
observe in the Galactic halo? From a practical point of 
view, a useful limit is set by the abundance corresponding 
to a measured Ca II K line strength of 20 mA (roughly 2 
- 4 times the strength on the weakest lines measurable in 
high-resolution, high S/N, spectra such as those shown 
in Figure [2]) in a cool red giant with T e g — 4500 K and 
log <7 = 1.5. (Call K is the strongest atomic feature in 
metal-poor stars, and its strength is greater in red gi- 
ants than near-main-sequence dwarfs (due to the lower 
effective temperatures of the former). Also, the abun- 
dances of red giants are much less modified by accretion 
from the Galactic Interstellar Medium (ISM) than those 
of main-sequence stars, because of the deep outer con- 
vective regions in giants.) 

Adopting a ID LTE model atmosphere (see Sec- 
tion l3.1.1j) with these parameters and [Fe/H] = -4.0 (the 
lowest available abundance in many grids, and which 
should be adequate for the task) , a line strength of 20 mA 
corresponds to [Ca/H] min = -9.4. (For Fe 1 3859.9 A, the 
intrinsically strongest Fe I line in the optical spectrum, a 
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Fig. 4. — [Fe /H] histogram for stars having high-resolution, high S/N, abundance analyses and [Fe/H] < -3.0, from the 
compilation of lFrebell (|20lQT l. On the left are results for main-sequence and subgiant stars, while the right presents data for red 
giants. The shaded regions refer to C-rich stars. Note the rapid decline in the number of stars as [Fe/H] decreases, accompanied 
by an increase in the proportion of carbon-rich objects. 



line strength of 20 mA results in a less stringent limiting 
abundance of [Fe/H] = -7.2.) If one were to assume that 
this hypothetical star had [Ca/Fe] = 0.4, similar to that 
found in the most metal-poor stars, its iron abundance 
would be [Fc/H] rn i„ = -9.8. This can be taken as a rough 
estimate of the lowest metallicity practicably detectable. 

Even, however, if such a star existed, one should not 
automatically interpret the above minimum abundance 
as the value with which it formed, given the possibility of 
accretion of material from the interstellar medium (ISM) 
du ring its ~13 Gyr life time. Using calculations described 
by iFrebel et al.l (|2Q09f ) , who compute the amount of ma- 
terial likely to have been accreted onto each of some 470 
observed halo main-sequence stars, it was found that dur- 
ing its time on the RGB the average amount of material 
accreted onto a star would have increased an initial zero 
heavy element abundance to an observed atmospheric 
value of [Fe/H] = -8.6, with a dispersion of 0.8 dex (Here 
the large dispersion is driven by an extremely strong de- 
pendence of the accretion process on the relative velocity 
of the star with respect to the ISM.) From this informa- 
tion, it follows that a star that formed with [Fc/H] m .;„ 
= -9.8, and experienced average ISM accretion would 
be observed during its RGB evolutionary phase as an 
object with [Fc/H] ~ -8.6. Alternatively, given the dis- 
persion in possible accretion histories, one might also say 
that the probability of finding a star that initially had 
zero heavy-element abundance (i.e., Population III) and 
observed today during its RGB phase would have an "ac- 
creted" abundance of [Fc/H] = -9.8 or smaller, is ~0.07. 

Having assessed the technical feasibility of finding 
near-zero- metallicity, low-mass (M < 1M ) stars, one 
needs also to consider potential physical processes that 
may have played a role in the formation of the most 
metal-poor stars, and which lead to abundances between 
the current lowest observed level of [Fe/H] ~ —5.5 and 
the potentially detectable [Fc/H] = —9.8. As will be 
discussed in Section l6Tl the critical factor is the cooling 
mechanisms that determine the contraction and fragmen- 
tation of existing gas clouds. Two potentially important 



cooling mechanisms are noted here, as well as th e abun- 
dance limits they impose, following IFrebel et al.l (|2009( ). 
The first is C II and O II fine-structure line cooling which 
leads to [Fe/H] rn i„ = —7.3. The second is the major cool- 
ing due to dust grains, for which the limit might be 1 - 
2 orders of magnitude lower, e.g., [Fe/H] rn i„ = —8.0 to 
—9.0. While more detailed knowledge on cooling mecha- 
nisms may well change these values, the above discussion 
shows that one should not be surprised to find stars with 
metallicities much lower than those of the most-mctal- 
poor stars currently known. 

3. DERIVED CHEMICAL ABUNDANCES 
3.1. Abundance Determination 
3.1.1. One-Dimensional Model Atmosphere Analyses 

Most chemical abundance determinations arc based on 
one-dimensional (ID) model stellar atmosphere analyses 
that assume hydrostatic equilibrium, flux constancy, Lo- 
cal Thermodynamic Equilibrium (LTE), and treat con- 
vection in terms of a rudimentary mixing length theory. 
(In most cases the configurations are plane parallel, but 
when necessary spherical symmetry is adopted for gi- 
ants.) To first order, the basic atmospheric parameters 
that define the model are effective temperature (T c ff), 
surface gravity (log g), and chemical composition. Given 
these, one may construct a model atmosphere and com- 
pute the emergent flux for comparison with observations. 
Then, on the assumption that the model wcll-rcprcsents 
the observed star, when one obtains a good fit between 
the model emergent flux (in particular the strengths of 
the atomic and molecular features) and the observed flux, 
one assumes the chemical abundances of the model corre- 
spond t o those of th e ob served star. The studen t should 
consult |GraJ (|2005| ) and iGustafsson et al.1 (|2008l ) for the 
concepts associated with the process. 

For completeness, it should be briefly noted that T e g 
and log g are sometimes derived from atomic and molec- 
ular transitions (excitation temperature and ionization 
equilibrium, respectively) and sometimes from measure- 
ments of continuum colors, and the strengths of hydrogen 
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Balmer lines and the Balmcr Jump. Surface gravity is 
also often derived from the star's luminosity, T c g 7 and 
mass. A basic shortcoming of ID modeling is that an 
artificial, second-order, extra line-broadening called "mi- 
croturbulence" , over and above the thermal broadening 
of the models, is always introduced into the formalism 
to satisfy the requirement that atomic lines of different 
strength yield the same abundance. This will not be dis- 
cussed here further, except to say that the need for this 
"fudge factor" has proved to be unnecessary in the more 
physically realistic 3D modeling. Finally, best analysis 
involves an iterative process that demands the adopted 
T e g, log g, abundances, and microturbulence are consis- 
tent with both the adopted model atmosphere and all of 
the details in the star's spectrum that are sensitive to 
these parameters. 

As discussed in Section 11.2.21 the analysis produces 
stellar atmospheric abundances e(X) for species X rela- 
tive to hydrogen, expressed as logioe(X)= logio(-/Vx/iVH) 
+ 12; in most cases values are published using the bracket 
notation [X/H]= log^x/A^)* - log lo (JV x /JV H )0, 
which expresses the results relative to solar values. 
For completeness it should be noted that the el- 
emental abundances derived in this way represent 
the contribution of all isotopes; additional isotope 
ratios can only be determined in a few cases (e.g., 
C). This contrasts nucleosynthesis models, which 
yield abundances of each individual calculated isotope 
abundance. (Publicly available model atmospheres 
and associated atomic an d molecular data may be 
found, for example, at |http://kurucz.harvard.edu" 
http : / / vald. astro . univie . ac . at , anc 
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http: / /www. physics. nist.gov/PhysRefData/ ASD /lines Jorm 
while codes for the computation of emer- 
gent fluxes and determination of chemical 
abundances may be found, for exam ple, at 
|http://www.as.utexas.edu/~chris/moog.htniij ) Given 
the power of modern computers, this is now a mature 
and straight-forward process, and 1D/LTE abundances, 
[Fe/H] and [X/Fe], based on high resolution, high S/N, 
data are currently available for a large number of metal- 
poor stars - for example, for resolving power > 20,000 
and [Fe/H] < -2.0, data exist for some 600 objects. Two 
compre hensive compilatio ns o f published m aterial are 
those of lSuda et all ([20081 ) and iFrebell (|201Q[ ). the latter 
of which will be used in what follows. The precisions of 
these results are high, typically of order 0.10 dex (26%), 
and in some cases ~0.03 dex (7%). 

3.1.2. Three-Dimensional Model Atmospheres 

The question that remains to be answered is: how ac- 
curate are th ese ID abundan ces? The issues have been 
addressed by I Asplundl ([2005D . to whom the reader is re- 
ferred. Three-dimensional (3D) hydrodynamical models 
reveal temperature inhomogeneities, which lead to dif- 
ferent temperature structures between 3D and ID mod- 
els. As metallicity decreases, the inhomogeneities be- 
come larger, resulting in significant negative abundance 
corrections. Figures 1 and 2 of Asplund illustrate the 
effect: at T e g = 5800 K, log g = 4.4, one finds that while 
at [Fe/H] = 0.0 the average temperature of the 3D model 
agrees reasonably well with that of its ID counterpart, 
the situation is very different at [Fe/H] = -3.0, where 
the 3D model has temperatures lower by several hun- 



Atomic number 

Fig. 5. — The difference in abundance, [X/Fe]3D - [X/Fe] id, 
vs. atomic number, deduced from analyses based on three- 
dimensional and one-dimensional model atmospheres, for the 
two most metal-poor stars - the subgiant HE 1327-2326 and 
the red-giant HE 0107-5240, both with [Fe/H] id ~ -5.5. 
These stars show the so-far most extreme abun dance differ- 
ences bet ween ID and 3D a nalyses. (Data from ICollet et al.l 
[20061 and lFrebel et~al|[200g ). 



dred degrees in its upper layers. These in turn lead to 
significant differences between ID and 3D abundances as 
a function of the metallicity of the star and the excita- 
tion potential of the observed line transition. Figure 8 
hfJnl.splund shows that for resonance lines of typical ele- 
ments ID abundances are too high by 0.1 - 0.6 dex, with 
the difference being smaller for lines of higher excitation 
potential. The strength of molecular features is very sen- 
sitive to the temperatures in the outer layers, resulting 
in dramatically lower abundances compared with those 
obtained in ID analyses. 

Abundance analysis utilizing 3D models is a compu- 
tationally intensive exercise, and results are currently 
available for only relatively few stars selected for their 
astrophysical significance. Examples of this are the two 
most metal-poor stars HE 0107-5240 and HE 1327- 
2326, for which Figure [5] presents abundance differences 
[X/Fe] (3D) - [X/Fe] (ID) ver sus a tomic number from 
the work of ICollet et all (f2006h and lFrebel et~all (pOOl . 
Note the extremely large differences for C, N, and O - 
for which the cited results are determined from analysis 
of CH, NH, and OH, respectively. One must bear this in 
mind when seeking to interpret ID chemical abundances. 



3.1.3. Departures from Thermodynamic Equilibrium 
(Non-LTE) 

In order to determine chemical abundances one needs 
to derive the populations of atomic and molecular en- 
ergy levels, which depend on details of the radiative and 
collisional effects in the regions of line formation in the 
stellar atmosph ere. The reader is once again referred to 
lAsplundl (|2005| ) for a thorough discussion of this matter. 
The proper solution to the problem is sufficiently compu- 
tationally intensive that most investigations to date have 
made the assumption of LTE. This approach assumes 
that collisional effects dominate over radiative ones, from 
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which it follows that the required populations can be de- 
termined by the Maxwell, Saha, and Boltzmann distri- 
butions, which involve only the local physical parameters 
temperature and electron pressure. To quote Asplund: 
"In LTE the strength of a line can be straightforwardly 
predicted from a few properties of the line and the species 
once the model atmosphere and continuous opacity are 
known. In non-LTE, in principle everything depends on 
everything else, everywhere else." (For completeness, it 
should also be noted that a remaining uncertainty in cur- 
rent non-LTE analyses is the treatment of inelastic colli- 
sions with hydrogen atoms; see Asplund 2005, his Section 
2.1.) 

Given the time-consuming nature of non-LTE compu- 
tations, the large majority of abundances analyses to 
date assume LTE. The advice of Asplund should, how- 
ever, be recalled. "It is always appropriate to provide the 
LTE results for comparison purposes, but it is unwise to 
ignore the available non-LTE calculations when provid- 
ing the final abundance values." The present work fol- 
lows this advice where possible, and considers (non-LTE 
- LTE) differences further in Section l"3. 2. 21 

3.1.4. Caveat Emptor 

Two caveats arc offered in conclusion. The first is 
that essentially all of the abundances presented here have 
been determined using 1D/LTE model atmosphere anal- 
yses. In some cases, when 3D and/or non-LTE data are 
available, comments are included on the resulting differ- 
ences between the two formalisms. The second point is 
that for a comprehensive improvement over 1D/LTE re- 
sults, one needs to use both 3D and non-LTE and not 
just one of them: in the case of lithium, for example, 
and as will be discussed in Section I4TTI the 3D and non- 
LTE corrections are both large, but of opposite sign, and 
fortuitously largely cancel to give the 1D/LTE result. 

3.1.5. Post-Astration Abundance Modification 

The final question one must address is whether the 
abundances obtained from these exhaustive model atmo- 
sphere analyses are indeed the values in the protocloud 
from which the star formed. Here, very briefly, with 
source material pertinent to metal-poor stars, are impor- 
tant examples of processes that can modify the original 
abundance patterns in the observed surface layers. 

• Accretion from the i nterstellar medium over the 
lifetime of a star fe.g.. iFrebel et al1l2009|) 

• Radiative and grav itational diffusion in the stellar 
surface layers (e.g. JBehr et al .lfl999f ) 

• Macroscopic mixing of nucleosynthesis products 
from stellar interior s into their surface layers (e.g., 
iGratton et al.ll2000l ) 

• Post-asymptotic-giant-branch evolution, during 
which the sequence of element fractionation onto 
circumstellar grains, radiation-pressure-driven 
grain/gas separation, and the formation of a 
stellar atmosphere containing the remaining 
gas produce an Fe-poor, modified abundance 
pattern determine d by the physics of gas/grain 
condensation (e.g.. iGiridhar et aLll2005D 
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Fig. 6. — MDF of the Galactic globular clusters (data of 
ICarretta et al] [2009T ). Note the clearly bimodal distribution, 
with peaks at [Fe/H] = -1.5 and -0.4, corresponding predom- 
inantly to halo and disk/bulge material, respectively. (The 
histogram was generated with a gaussian kernel having a = 
0.10 dex.) 



• Transfer of material across a multiple stellar sys- 
tem during post-main- sequence evolution (e.g., 
IBeers fc Christliebll200l 

3.2. Abundance Patterns 

3.2.1. Metallicity Distribution Functions (MDF) 

The Galactic Globular Cluster System 

With very few exceptions (which will be considered in 
Section [4.3. 1[) the Milky Way's globular clusters are in- 
dividually chemically homogeneous with respect to iron. 
The collective MDF of the cluster syst em is bimodal, 
as first definitively shown bv lZinnl ([1985D and presented 
here in Figure p (based on the mor e recent abundance 
compilation of ICarretta et all 120091) . The two compo- 
nents, initially designated "halo" and "disk" have mean 
metallicitics [Fc/H] ~ —1.5 and -0.4. This terminology, 
however, appears to be an oversimplification: some clus- 
ters with abundances as low as [Fc/H] ~ — 1.5 have disk- 
like kinematics; some of the inner "disk" sub-population 
have been suggested to be members of the Galactic bulge; 
and consideration of the horizontal branch morphologies 
of globular clusters first led to the suggestio n of old an d 
young subgroups in the halo sub-population (|Zinnll 19931 ) . 
Clearly, the situation is a very complicated one. 

Field Stars 

MDFs are also available for local metal-poor sam- 
les of both kinematica lly sele cted main-sequence dwarfs 
.,Rvan fc Norrisl Il991bf) and dCarnev et all 119961) and 
spectroscopi cally selected giants ( Schorck et al.l I2009T) 
and dwarfs (|Li et al.H20Tot) . 

The field star distributions differ from that of the glob- 
ular clusters in one important aspect: all halo field star 
samples contain objects having abundances considerably 
lower ([Fe/H] = -4.0 to -3.0) than that of the most 
metal- poor globular cluste r ([Fe/H] ~ -2.5). Accord- 
ing to ICarnev et al.l (|1996l ) the difference between halo 
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Fig. 7. — Comparison of the MDFs of the halo globular 
clusters (thin line) and kinematically chosen halo field main- 
sequence dwarfs (thick line). The selection o f the halo samples 
follows Section 3.5 of ICarnev et al.l (|1996f ): for the clusters 
only objects more than 8 kpc f rom the Galactic cen ter are 
included (with abundances from ICarretta et al.l 2009 ) , while 
for the dwarfs the data are from ICarnev et alT|T999 ). (The 
histograms were generated with a gaussian kernel having a = 
0.15 dex.) 



clusters and kinematically selected dwarfs is highly sig- 
nificant (at the 93 - 99.9% level); this effect is shown 
here in Figure based on more recent data. For spec- 
troscopically selected samples, on the other hand (which 
by definition have a strong abundance selection bias to- 
wards more metal-poor stars, not present in kinemati- 
cally select ed samples), the sign ificance is less clear. Ac- 
cor ding to ISchorck et all (pOM l: "A comparison of the 
MDF of Galactic globular clusters ... shows qualitative 
agreement with the halo [field star] MDF, derived from 
the HES, once the selection function of the latter is in- 
cluded. However, statistical tests show that the differ- 
ences between these are still highly significant." The 
problem with the spectroscopically chosen HK and HES 
samples is that the corrections that must be applied to 
compensate for the selection function are very large, as 
clearly shown in Figure [8] below (see also Schorck et al. 
2009, their Figure 17). 

The fundamental importance of metallicity distribu- 
tion functions is that they provide essential constraints 
on galactic chemical enrichment (GCE) models. The 
starting point adopted for the present discuss ion is the 
simple model of halo chemical enrichment of lHartwickl 
(|1976h . who assumed that initially the halo contained 
zero heavy elements, and was chemically enriched by 
the ejecta of massive stars on timescales short compared 
with those of the halo's dynamical evolution (instanta- 
neous recycling). He also assumed that the initial mass 
function was constant with time, and in order to repro- 
duce the MDF of the halo globular clusters, postulated 
that gas was removed from the system at a rate pro- 
portional to that of star formation. The left panel of 
Figure [5] shows a comparison of this simple model (dot- 
ted line) with t he obse rvations of halo field dwarfs by 
iRvan fc Norrisl (|1991bD . The solid line in the figure, 
which somewhat better fits the data, represents a model 



of iTsuiimoto et all (I1999D which involves star formation 
on shells swept up by the ejecta of the supernova explo- 
sions of massive stars. 

A point worth reiterating from Section 12.21 is that the 
simple Hartwick model predicts the number of metal- 
poor stars should decrease by a fact or of t e n for each 
factor of ten decreas e in abundance: iNorrisI (|1999l ) and 
ISchorck et al.l (|2009D report that this appears to be the 
case down to [Fe/H] = -4.0 and -3.6, respectively, below 
which there is a large dearth of stars. Recall also from 
Section l2~4l that only four stars with [Fe/H] < -4.3 are 
currently known. 

Several other GCE models have been proposed which 
modify the basic assumptions of the Hartwick model. 
As an example, the right panel of Figure [8] shows the 
comparison betw een the spectr o scopic ally selected halo 
gi ant sampl e of [ Schorck et al.l (|2009T l and the model 
of iPrantzosI 1)20031) (which investigates improvement of 
the instantaneous recycling approximatio n and possible 
aseous inf all) . The reade r is referred to ISchorck et al.l 
20091) and lLi et al.l (|2010l) for comparison of the obser- 
vations with other GCE models from T. Karlsson (de- 
layed chemical enrichment at the earliest times), S. Sal- 
vadori and co-workers (ACDM framework with a critical 
metallicity for low- mass star formation), and N. Prantzos 
(semi-analytical model within the hierarchical merging 
paradigm). 

This section is concluded with a caveat concerning the 
above comparison of MDFs. There has been growing evi- 
dence o yer some two dec ades, beginning w ith the seminal 
works of lHartwickl (|1987l ) and[Zinn| (|1993[) that the Galac- 
tic halo comprises more than one component, with differ- 
ent prop_erties_as a fun ction of Galactocentric dist ance; 
see lCarollo et al.l ([20101 ) and lMorrison et al.1 ([20091 ) . and 
references therein for details. The multiplicity of the 
Galactic halo will be discussed in Section 16.21 Suffice 
it here to say it makes little sense to compare the MDFs 
of samples (observational and/or theoretical) that have 
different properties (except to test the null hypothesis). 
It is essential to match the underlying characteristics of 
the theoretical models and observed samples that are be- 
ing compared. 

Dwarf Spheroidal Galaxies ( dSph ) 
In stark contradistinction to the Milky Way's globular 
clusters, its dwarf spheroidal galaxy satellites all show 
large internal spreads in the abundance of iron. The 
MDFs for five of the ~25 currently known systems are 
shown in Figure [S] (Also shown in the figure, for com- 
parison purposes, is the MDF of ui Cen, the most massive 
Milky Way globular cluster, and one of only ~5 halo clus- 
ters known to exhibit a dispersion in iron greater than 
cr[Fe/H] ~ 0.03 dex.) In each panel the abundance disper- 
sion cr[Fe/H] and integrated absolute visual magnitude, 
My, total; are also shown. 

It has been known for some time that the metallicities 
of elliptical galaxies and the more lumino us dSphs co l- 
lectively decrea se as luminos i ty de creases (|Mateolll998D . 
As reported by IKirbv et al.l (|2008[) . the mean [Fe/H] of 
dSphs continues to decrease with decreasing luminosity 
over the range of the ultra-faint systems as well. As 
shown here in Figure [TU] the relationship holds over the 
range 3.5 < log(L to t/L©) < 7.5. This is a clear signal 
that the dwarf galaxies have undergone internal chemi- 
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Fig. 8. — Left: comparison of the MDF of the kin e matic ally selected halo main-sequence dwarf sample of Ryan & Norris ( 1991b) 



with t he simple model ( dotte d line) of Hartwick (|1976) and the more realist ic supernova-induced star- formation model (solid 
line) of lTsuiimoto et alJ dl999f > . (Th e fi gure comes from lTsuiimoto et al.lll999 | .) Right: MD F of the spectroscopically chosen halo 
giant sample of lSchorck "etlnT {20091 ) in comparison with the GCE model of lPrantzosI (|2003f ). Note the large correction necessary 
to modify the model (the upper c ontinuous line) for th e abundance incompleteness caused by the spectroscopic selection function 
(the lower continuous line) (from [Schorck et~a l, 2009). 



cal evolution. Examination of Figure [9] also shows that 
in the faintest of the dwarf systems (My, total ^ -7) there 
is a large fraction of stars with [Fe/H] < -3.0, suggesting 
a relationship between ultra-faint dwarf galaxies and the 
most metal-poor stars in the Milky Way halo. This topic 
will be further addressed in Section [4.3.21 but it is worth 
noting here that an essential difference between the Milky 
Way's globular clusters and dSph systems is that (for 
objects with integrated magnitudes My, total ^ —10) the 
dSphs arc embedded in dark matter halos (with M/Ly ~ 
10 - 10 4 in solar units), while almost all clusters contain 
relatively little or no dark matter (M/Ly < 5). This is 
almost certainly the essential difference behind the large 
[Fc/H] dispersions observed in the dSph systems, but ab- 
sent from the globular clusters. 

3.2.2. Relative Abundances 

Just as [Fc/H] is adopted as proxy for a star's over- 
all metallicity, the abundances of the other elements are 
most often expressed relative to Fe, i.e., as [X/Fe] for ele- 
ment X. (This is a somewhat arbitrary definition, driven 
by the practicality of the richness of the Fel spectrum, 
and from time-to-time the implications of adopting an 
alternative element as reference is iny estigated. For an 
example of this see lCavrel et al.1 (|2004D .) Element abun- 
dances are thus directly related to the element that rep- 
resents the end stage of stellar evolution and provides a 
good indicator of core-collapse SN nucleosynthesis. Note 
that all such (relative) abundances are relative not only 
to Fe, but also to the abundances measured for the Sun 
(the bracket notation). This should be kept in mind 
when "reading" the chemical relative abundance trends 
in metal-poor stars in terms of Galactic chemical evolu- 
tion. 

To give the reader a feeling for the scope of the ob- 
served trends, Figure Ql] shows the 1D/LTE relative 
abundances for metal-poor Gal a ctic halo red giants from 
the work of iCavrel et al.1 (|2004[) . iSpite et al.1 (|2005[ ). and 
iFrancois et al.1 ( 20071) . which covers the range -4.5 < 
[Fc/H] < -2.0, and is regarded by many as the "gold stan- 
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Fig. 9. — The Metallicity Distribution Functions for five 
Milky Way dwarf galaxies and the globular cluster u Cen- 
tauri. Also shown in each panel are <r [Fe/H] /Mv, total (the 
dispersion in [Fe/H] and the integrated a b solute visual mag- 
nitude of the system) . See iNorris et all (|2010bf j for source 
material. (The histograms were generated with gaussian ker- 
nels having a = 0.10 - 0.15 dex.) 



dard" of the state-of-the-art for this type of work. The 
reader should note that the scale in 16 of the 18 panels 
of Figure [TT] is the same, with a range in [X/Fe] of 2 dex. 
For the remaining two cases ([Sr/Fe] and [Ba/Fe]) this is 
insufficient to cover the range in the early Universe, and 
for these the relevant panel range is 5 dex! The dotted 
lines in the figure correspond to the solar value. The solid 
lines in the panel s of sodium through zinc represent the 
regression lines of lCavrel et al.1 ([2004) ; for these elements 
these authors report errors of measurement a ~ 0.05 - 
0.10 dex, and dispersions about the regressions of 1 — 2c. 
Also shown, at the bottom right of each panel, are indica- 
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Fig. 10. — Mean [Fe/H] vs. luminosity for the Milky Way's 
dwarf spheroidal galaxies. Systems with Lv < 10 Lq are 
designated "ultra-faint" dwarf galaxies, since they are fainter 
than the long-known "classical" dwarf galaxies. It is very 
likely, however, that there exists a continuous transition be- 
tween the physical properties of the two groups. (Prepared by 
E. N. Kirby using data from Kirby et al. 2008, and references 
therein.) 

tivc 3D/non-LTE corrections for stars with [Fe /H] ~ -3.0 
that have been gleaned from lAsplun d (2005) and other 
sources in the literature (such as the works of S. M. An- 
drievsky, D. Baumiiller, M. Bcrgcmann, D. V. Ivanova, 
L. Mashonkina, and co-workers). 

By way of introduction to what follows, several aspects 
of the figure are highlighted. 

• The large spreads in C, N, Sr, and Ba are real and 
tell us much about internal mixing during red gi- 
ant evolution (C and N: Section I4.2.1[) . and the 
processes that produce the heavy neutron-capture 
elements (Sr and Ba: Section |4. 2. 2[) . 

• Systematic enhancements of the a-elements Mg, Si, 
Ca, and (partially) Ti, lead to an explanation in- 
volving SNc of Type la and II, operating at differ- 
ent times (Sections [4.2.11 and |4.3T2|) . 

• Tight solar-like correlations, such of those of the 
iron-peak elements Sc and Ni, suggest a close re- 
lationship between the production mechanisms of 
some of the iron-peak elements, indicative of pro- 
cesses similar to those responsible for the enrich- 
ment of the Sun. 

• In contrast to the previous point, the trends shown 
by iron-peak elements such as Cr, Mn, and Co cast 
doubt on the previous suggestion. This "contra- 
diction" is indicative perhaps of differences related 
to the location of the mass-cut radius within the 
progenitor of the SN explosion (above which all 
material is expelled) or to non-LTE effects (Sec- 
tion EXJ). 



• Large corrections to some of the 1D/LTE abun- 
dances are clearly necessary to take into account 
3D effects and a more realistic treatment of non- 
LTE before they may be closely and reliably com- 
pared with the prediction of stellar evolution and 
GCE computations. 

4. THE CHEMICAL EVOLUTION OF THE UNIVERSE 

4.1. Relics of the Big Bang 

According to Standard Big Bang Nucleosynthesis 
(SBBN), some minutes after the singularity at the era 
of decoupling of radiation and matter, the only chemi- 
cal elements in the Universe were hydrogen, helium and 
lithium. With the additional constraint of the results of 
the Wilkinson Microwave Anisotropy Probe (WMAP), 
the predicted relative mass densities of these elements ar e 
0.75, 0.25, 2.3 xlO" 9 , respectively (jSpergel et all [20071) . 
All other elements have been produced subsequently. 

4.1.1. Helium 

No reliable spectroscopic determinations exist of the 
abundance of helium in the atmospheres of stars having 
[Fe/H] < -1.0. Most are too cool (T off < 7000 K) for lines 
of neutral heliu m to be currently u seful for abundance 
analysis (see e.g-. IDupree et alj|20111 ); and in metal-poor 
stars hot enough for the test to be made (the so-called 
blue- horizontal-branch stars), strong diffusive processes 
are clearly at work in their outer layers and preclude 
determination of the chemic al abundances in the mate- 
rial from which they formed (|Behr et al.lll999f ) . The best 
estimates of primordial helium abundance based on spec- 
tral features of helium come from t he analysis of helium 
lines in gaseous nebulae, for which ISpergel et all (|2007T ) 
report a primordial helium abundance Y p = 0.232 - 0.258. 

4.1.2. Lithium 

ISpite fc Spitd (|1982D first demonstrated that the Li 
abundance of metal-poor, near main-sequence-turnoff 
stars appears constant in the temperature range T e g = 
5500 - 6250 K, and concluded: "the abundance of lithium 
at the beginning of the Galaxy was: Nu = 11.2 (±3.8) 
lO -11 ^", i.e., A(Li) = 2.05 ± 0.16. Astronomers to- 
day discuss this fundamental discovery not so much in 
respect of the Galaxy, to which it is certainly pertinent, 
but rather in terms of the Li abundance that emerged 
from the Big Bang. 

The effect is shown in Figure [12j based on more 
recent observational data, where 1D/LTE values of 
A(Li) are presented as a function of T e g and [Fc/H]. 
(It is noted here for completeness that the accepted 
temperature scale for metal-poor main-sequence stars 
has become some 300 K hotter since the work of 
ISpite fc Spitel (IT982T U One sees that the so-called Spite 
Plateau rema i ns cle arly defined, and as appreciated by 
ISpite fc Spite] (|1982l ). for T off < 5900 K on the new scale, 
lithium is destroyed by strong convective circulation that 
brings it into deeper and hotter regions. During extensive 
expansions on the original sample, some stars were found 
in which Li could not be detected. It has been suggested 
that these stars, which comprise only a small fraction 
of their parent population, have ultra-low lithium abun- 
dances as the result of phenomena related to binarity and 
blue stragglers, during which Li is converted into other 
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Fig. 1 1. — 1D/LTE rela tive a bundances ([X / Fe]) v s. [Fe/H] for metal-poor halo red giants from the work of ICavrel et all 
pOOi) . [Spite et all (|200l ), and lFrancois et all (|2007l l In the to p row, filled and open circles refer to "mixed" and "unmixed" 
stars, respectively, as defined by Spite et al. (see Section |4. 2. Also shown at the bottom of each panel are indicative (3D - 
lD)/(non-LTE - LTE), abundance differences as discussed in Section 3.1.2 ("..." indicates a potential incompleteness in our 
literature search or the absence of relevant information) . 
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Fig. 12. — 1D/LTE lithium abundance, A(Li), as a function of T e ff (left) and [Fe/H] (right), from the work of Frebel et al. 
(2008, HE 1327-2326) and Caffau et al. (2011, SDSS J102915+172927) (large filled stars), Melendez et al. (2010, open circles), 
and Ryan et al. (2001, filled ci rcles). The horizont al line in each panel is the value predicted from the observations by WMAP 
interpreted in terms of SBBN (|Cvburt et al.H200Sf ). 



elements at the high temperatures experie nced during 
convective mixing in their outer layers (see iRvan et al.l 
12001 . 

There are, however, two extremely important further 
points to be taken from Figure [T^l The first is that, ig- 
noring the obvious outliers, the mean abundance of the 
Plateau, A(Li) = 2.28 ± 0.01, lies some 0.4 - 0.5 dex be- 
low the value that has been predicted from the results of 
WMAP, interpreted in terms of the predictions of SBBN 
of A(Li) = 2.72t°;°^ (ICvburt et al.ll200ll . (Here the er- 
ror in the mean abundance of the Plateau admits no 
slope or step as a function of T e g, both of which have 
been claimed in the literature.) 

The second point is that for the most metal-poor 
near-main-sequence-turnoff stars, HE 1327-2326 and 
SDSS J102915+172927 with [Fe/H]i DiLT E = -5.4 and 
-4.7, lithium is not detected, leading to the extremely 
puzzling limits of A(Li) < 0.7 and < 1.1. respectively. 
Given that these objects have T c g = 6180 K and 5810 K, 
one would have expected them to lie on the Spite Plateau. 
(Note also that there is no evidence yet for binarity, or 
any other (non-abundance) peculiarity, for these stars.) 
This question will be addressed further in Section 16.11 
where they are discussed in more detail. 

Before proceeding, it should be noted that available 
3D/non-LTE computations appear to be in agreement 
with those based o n the ID /PTE assum ptions. The 
reader is referred to lAsplund et al.1 ()2003f ). who report 
that for two stars (with T eff /log 5/ [Fe/H] = 5690/1.67/- 
2.50 and 6330/2.04/-2.25) the 3D and non-LTE correc- 
tions are both large, with absolute values of ~0.3 dex, but 
of opposite sign, which essentially cancel to yield a total 
correction of only ^0.05 dex. That is to say, 1D/LTE Li 
abundances are fortuitously valid. 

Given the accuracy of the WMAP/SBBN prediction 
of the primordial Li abundance, the most widely held 
view seems to be that the abundance obtained from 
the analysis of observed Li line strengths in near-main- 
sequence-turnoff metal-poor stars is not the primordial 



value, and that an explanation of the difference will 
lead to a deeper understanding of the astr ophysics of 
stars and galaxies. The r eader should consult iKorn et alj 
^^ . \!lildetan^^t\ . and lMelendez et al.l (^Olof TfOT 
recent examples of this approach, based on lithium abun- 
dances of field (Melendez ct al.) and globular cluster 
(Korn et al. and Lind et al.) near-main-sequence-turnoff 
stars. iMelendez et al.l (|2010l ) report "Models including 
atomic diffusion and turbulent mixing seem to repro- 
duce the observed Li depiction ... which agrees well with 
current prediction s from ... s tanda rd Big Bang nucle- 
osynthesis" , while iLind et ahl (|2009f ) state "We confirm 
previous findings that some turbulence, with strict lim- 
its to its efficiency, is necessary for explaining the ob- 
servations" . Both, on the other hand, issue a caveat 
emptor. "We caution however that although encourag- 
ing, our results should not be viewed as proof of the 
models until the free parameters required for the 
stellar mod eling are better und erstood from physical 
principles." (jMelendez et ai]|2010D ; and "However, these 
models fail to reproduce the behavior of Li abundances 
along the plateau, suggesting that a detailed under- 
standing of_the_physicsresponsible for depiction is still 
lacking" (jLind et al.ll2009h . 

4.2. The Milky Way Halo 

The evolution of the chemical elements began shortly 
after the Big Bang, and is an ongoing process. It can 
be traced in detail in the Milky Way with stars of differ- 
ent metallicitics, ranging from the most metal-deficient 
to the most metal-rich. Iron abundance serves as proxy 
not only for the overall metallicity of a star, but also 
for the evolutionary timescales it took to enrich the gas 
from which stars formed. It is not possible in most 
cases, however, to determine the ages of individual field 
stars, and what is known of Milky Way halo ages is de- 
rived from the fitting of globular cluster and field star 
near-main-sequence-turnoff color-magnitude diagrams to 
stellar evolution modeling, and nucleo-chronometry of 
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metal-poor field stars. (This topic is further addressed in 
Section[5l) As noted in Section H~3l the present discussion 
is restricted principally to stars of the Galactic halo hav- 
ing [Fc/H] < -1.0. The Galactic age-mctallicity relation- 
ship suggests that it took of order —4 Gyr to reach thi s 
abundance (see e.g.. iFreeman fc Bland- Hawthornll2002f ). 
For compariso n, the (one zone) galact ic chemical enrich- 
ment model of iKobavashi et all (|2006|) also takes —4 Gyr 
to reach [Fe/H] = -1.0. The abundance trends discussed 
in the following thus describe the first —5 Gyr of the evo- 
lution of the Milky Way - which, for the present discus- 
sion, is taken as a first approximation to the timescale 
for a similar enrichment of the Universe. 

To understand the production of the elements and the 
observed trends found for metal-poor stars as a function 
of overall metallicity, most subsections below begin with 
a descr i ption of t he relevant nucleo s ynthe sis processes. 
lArnettl (|1996f ) and iWallerstein et al.1 dl997T) provide gen- 
eral i ntroductions to this topic. iWooslev fc Weaver! 
1 (1991 ■ among others, have carried out extensive core- 
collapse SN yield calculations to investigate the synthesis 
of the different isotopes during stellar evolution and sub- 
sequent supernova explosion. Progenitor masses of 11 - 
40 M Q and different mctallicities were considered. Since 
the details of the explosion mechanism of SNe remain 
largely unknown, a piston approximation (for the sud- 
den injection of energy - the "explosion") is employed so 
that the post-SN nucleosynthesis can be calculated. For- 
tunately, relatively few isotopes appear to be significantly 
affected by this uncertainty. The overall explosion energy 
and the "mass cut" (a specific radius above which mate- 
rial is ejected, rather than falling back onto the nascent 
black hole or neutron star) thus have significant impact 
on the final abundance distribution. 

Mainly intermediate mass elements, with Z < 30, 
are produced and ejected by core-collapse supernovae. 
Traces of the so-called "neutron-capture" elements (Z > 
30) are believed to be produced by SNe and also during 
the asymptotic giant branch (AGB) phase of evolution 
of low and intermediate mass (~1 - 8 M Q ) stars. These 
heavier elements are about one million times less abun- 
dant than the lighter ones. Irrespective of their quanti- 
ties, however, all elements play an important role in our 
understanding of galactic chemical evolution since each 
reflects the interplay of all the astrophysical processes 
and sites that produced the elements as they are known 
today. 

In what follows, an unfortunately somewhat incom- 
plete discussion is presented of many of the elements that 
are observed in metal-poor stars. Reasons for the in- 
completeness range from simple space limitations of this 
chapter to the fact that not all chemical elements can be 
observed in the relatively cool main-sequence and giant 
stars reviewed here. 

4.2.1. The Evolution of Carbon through Zinc 

Carbon, Nitrogen, Oxygen 
C, N, and O are synthesized during quiescent stellar 
evolution, and in Type II (core-collapse) SN explosions. 
Carbon is produced in the triple-cv process during ad- 
vanced evolutionary stages such as the AGB phase. It is 
released into the interstellar medium during supernova 
explosions if the star is massive enough, or through stel- 
lar winds, if significant. Whenever the triple-a process is 
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Fig. 13. — 1D/LTE [C/Fe] abunda nces as a fu nction of 
[Fe/H] and luminosity (data from the|Frcbc] 201(3 compila- 
tion). In the top panel only stars with [Fe/H] < —3.0 are 
included. The definition for C-rich objects of [C/Fe] > 0.7 
but with a luminosity dependent decline reflecting internal 
mixing processes is shown as a dashed line (see also Table [l]). 
Open diamonds are used for s- and r+s-process-rich metal- 
poor stars, open squares refers to r-II and small filled circles 
to r-I r-process-rich objects, which are further discussed in 
Section |4~!Q1 



at work, some oxygen is created as a by-product in the 
a-process. Hence, O can be regarded as an "a-element" 
(see below), and abundance studies have shown that O 
does indeed exhibit this behavior in metal-poor stars (see 
Figure [TT1 top right, and the discussion below). Nitrogen 
is produced during H-burning in the CNO-cycle, during 
which C, N, and O act as catalysts. In this process, C and 
O abundances decrease while N increases, as the CNO- 
cycle approaches equilibrium. At the same time the 
12 C/ 13 C ratio is driven to small values (~4). The pro- 
duction of nitrogen can be increased by st ellar rotation: 
fast r otating, massive Population III stars (jMeynet et al.1 
may, for example, have been significant producers 
of the first enrichments in CNO elements. 

In metal-poor stars, the abundances of each of C, N, 
and O can be determined from observations of their hy- 
drides - the G-band of CH at -4300 A, the near-UV 
NH feature at 3360 A, and the UV features of OH at 
3100 A. CN and/or C 2 bands can also provide constraints 
at optical wavelengths. The point that must be repeated 
here is that (as noted in Section [3.2. 2 1) 1D/LTE abun- 
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dances determined from CH and NH may overestimate 
C and N abundances by up to ~0.7dex. Atomic fea- 
tures of CI at ^9070 A, together with the forbidden 01 
line at 6300 A and the OI triplet at ^7770 A, provide 
other important constraints on the abundances of these 
elements. The three diagnostics involving oxygen yield 
different 1D/LTE abundances, driven by 3D and non- 
LTE e ffects. Again, the reader should consult lAsplundl 
(|2005l) for a thorough discussion of the problem: suffice 
it here to say that only for the forbidden O I line are 
the 1D/LTE abundances relatively unaffected. Recent 
results, ta king into account v arious abundance correc- 
tions (e.g., Fabbian ct al. 2009:. indicate relatively small 
variation of [O/Fe] as a function of [Fc/H] in metal-poor 
stars. 

Evolutionary mixing effects also modify initial surface 
abundances. Dredge-up events and mixing bring nu- 
clei from interior layers to the surface, including CNO- 
processed material. The surface abundances of heavier 
elements are not affected by these mixing processes and 
their relative fractions remain unchanged. The effect is 
shown in Figure [Til where one sees a clear anticorrelation 
between C and N in "mixed" stars (filled circles; [C/Fc] 
< 0.0 and [N/Fc] > +0.5) and "unmixed" stars (open 
circles; fC/Fel > 0.0 and [N/Fe] < +0.5), as defined by 
iSpite et all (|2005h . These mixing effects are observed in 
metal-poor stars with increasing luminosity on the up- 
per RGB, as illustrated in the upper panel of Figure [T3l 
where only stars with [Fe/H] < -3.0 are shown. A down- 
turn of the [C /Fe] ratio can be clearly seen at luminosity 
logL/L Q > 2. When studying the CNO group, stellar 
evolutionary status must therefore be taken into account. 

Many metal-poor stars show C abundances well in ex- 
cess of the general carbon trend set by most Population II 
stars (and unrelated to abundance changes due to mix- 
ing) at all metallicities. Such "extra" C must have come 
either from additional sources that enriched the material 
from which the star formed or from enriched material 
that was added to the star at a later time. Carbon mea- 
surements in metal-poor stars thus provide important in- 
formation on the various previous enrichment events and 
the nature of the first stars. The lower panel of Figure ITBI 
shows [C/Fe] as a function of [Fe/H] for a large sample of 
metal-poor stars. The separation of stars with large car- 
bon overabundances from those with more "normal" val- 
ues is clearly seen. These Carbon Enhanced Metal Poor 
stars are referred to as CEMP stars, a significant fraction 
of which have [Fc/H] > -3.0 and inherited their carbon 
from a binary companion star through a mass transfer 
event. This type of enrichment is further discussed in 
Section 14.2.21 The origin of the carbon richness for the 
majority of stars with [Fe/H] < -3.0 remains the topic of 
intense interest, which is also described in Section 16.11 



a-Elements 

The a-elements (Mg, Ca, Si, Ti) are built from mul- 
tiples of He nuclei via a-capture during various stages 
of stellar evolution (carbon burning, neon burning, com- 
plete and incomplete Si burning). Although Ti [Z = 22) 
is not a true a-elemcnt, in metal-poor stars the domi- 
nant isotope is 48 Ti, which behaves like one. Produced 
in massive stars, these a-element nuclei are then dis- 
persed during subsequent SN explosions. Abundance 
studies have shown that the majority of metal-poor stars 
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Fig. 14.— 1D/LTE a-element ratios [Mg/Fe], [Ca/Fe], and 
[Ti/Fe] as a function of [Fe /H], Open cir cles denote halo 
stars from the compilation of Frcbcl (2010). Sm all dots are 
more metal-rich thin and thick disk stars from the lVenn et al.l 
(|2004T ) compilation. At [Fe/H] > -1.0, all three element 
ratios decrease with respect to the average halo value of 
[a/Fe] ~ 0.4. This is due to the onset of SNela, which con- 
tribute relatively high Fe to the chemical enrichment of the 
Galaxy. By [Fe/H] ~ 0.0, the solar ratio of [a/Fe] is reached. 



with [Fc/H] < — 1.0 show an enhanced [a/Fe] ratio com- 
pared with the solar value. Figure Q3] illustrates that 
below this value [a/Fe] plateaus at ^0.4 due to the corre- 
lated production and release of a-elements and Fe. This 
characteristic overabundance in halo stars reflects an en- 
richment by core-collapse SNe in the early Universe. At 
later times (roughly 1 Gyr after the Big Bang) , once the 
first lower-mass stars reached the end of their lifetimes, 
SNIa explosions began to dominate the production of 
Fe. The main yield of SNela is C, O, and Fe-peak ele- 
ments. This change in Fe producers can be seen in the 
abundance trends of metal-poor stars. Above metallici- 
ties of [Fe/H] ~ —1.0, the onset of SNela and their Fe 
contribution to the chemical evolution of the Milky Way 
manifests itself in a pronounced dec rease of the stellar 
[a/Fe] values (e.g.. iRvan et aiJll996[) until [a/Fe] = 0.0 
is reached at [Fe/H] = 0.0. 
There are important exceptions to this generalization. 
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Some metal-poor stars show large Mg and Si abun- 
dances possibly due to unusual supern ova explosions and 
associated nucleo synthesis processes (lAoki et al.l l2002t 
iFrebel et al.l 120051 ). Others, as will be discussed in Sec- 
tions 14.3.21 and 16 2\ exhibit lower values, driven by the 
different star formation rates and different relative a/Fe 
contributions from Type II and Type la supernovae. 

The en-elements also serve to highlight a further po- 
tentially important role of relative abundances as a func- 
tion of [Fe/H]. Because the abundance of a given element 
contains the history of all the SNe that have contributed 
to the cloud from which a star forms, the dispersion of 
observed relative abundances contains potentially strong 
constrains on the relative yields of SNe, the stellar mass 
function, and the efficiency with which the ejecta of SNe 
have been mixed with the existing ISM. Several authors 
have emphasized the small values of the dispersion in 
[Mg/Fc] (^0.06 - 0.10 dex) in homogeneously selected 
and analyzed halo samples, which lead to interesting re- 
strictions on the above possibilities. 

Iron-peak Elements 

In the early Universe, the iron-peak elements (V to Zn; 
23 < Z < 30) were synthesized during the final evolution 
of massive stars, in a host of different nucleosynthctic 
processes before and during core-collapse SN explosions. 
These include direct synthesis in explosive burning stages 
(explosive oxygen and neon burning, and complete and 
incomplete explosive Si burning), radioactive decay of 
heavier nuclei or neutron-capture onto lower-mass Fe- 
peak elements during helium and later burning stages, 
and a-rich freeze-out processes. 

In Figure [15l 1D/LTE relative abundances, [Sc/Fe], 
[Cr/Fe], and [Co/Fe] are presented as a function of 
[Fe/H], which demonstrate quite different behavior as 
[Fc/H] increases. Figure HT1 also presents data for other 
Fe-peak elements (Mn, Ni, and Zn) on the range —4.0 < 
[Fe/H] < —2.5. The abundance trends of Cr and Mn 
have a pronounced positive slope: their abundances at 
the lowest metallicities are subsolar ([Cr,Mn/Fe] ~ —0.5 
at [Fe/H] ~ -3.5), becoming solar-like at [Fe/H] ~ -1.0. 
In contradistinction, the Co and Zn abundance trends 
arc in the opposite sense. Their abundances decrease 
from [Co,Zn/Fe] - +0.5 at [Fe/H] - -3.5, to roughly so- 
lar values at higher metallcities ([Fe/H] ~ -1.0). Finally, 
Sc and Ni remain relatively unchanged with respect to 
[Fe/H] . _ 

Investigations of these very different behaviors have in- 
volved two essentially different approaches. The first was 
to consider whether they could be explained in terms of 
the explosion energy an d position of the mass-cut of core- 
collapse SN models (see lUmeda fc Nomotoll2005l and ref- 
erences therein), which has been only partially successful, 
and to which the reader is referred. Second, in the con- 
text of non-LTE effects, Bergemann and co-workers (e.g., 
iBergemann et al.l 120101 ) have reported that for each of 
CrI, Mnl, and Col, abundance differences (in the sense 
A [X/Fe] (non-LTE - LTE), are small at high abundance 
and increase to ~+0.4 to +0.6 at [Fe/H] ~ -3.0. Con- 
sideration of Figures fTTI and [TBI shows that while this acts 
to remove the downward trends for [Cr I/Fe] and [Mn/Fe] 
(and consistency then with [Cr II/Fe] results), it exacer- 
bates the upward behavior observed for [Co/Fe], leading 
to an excess of 1 dex above the solar value at [Fe/H] = 
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Fig. 15. — 1D/LTE Fe-peak relative abundances [Sc/Fe], 
[C r/Fe], and [C o/Fe] vs. [Fe/H] (data from the compilation 
of IFrebelll2010f ). See text for discussion. 



-3.5 - providing an even larger challenge for an under- 
standing of this abundance ratio. 

4.2.2. The Evolution of Neutron- Capture Elements 

Only elements up to zinc can be synthesized via nuclear 
fusion. Most heavier elements are built up by the slow 
neutron capture process, the s-process, and the rapid 
neutron capture process, the r-process (e.g., Meyer 1994 
and references therein). The s-process operates under 
conditions of relatively low neutron densities (n n ~ 10 7 
neutrons cm -3 ). In this regime the timescale for neutron 
capture is slower, in general, than the /3-decay rate of un- 
stable isotopes. In contradistinction, when an extremely 
strong neutron flux is present, the r-process occurs on 
timescales of only a few seconds so that neutron-capture 
takes place within the /3-decay rates of the newly created 
unstable isotopes. The majority of elements with Z > 30 
can be produced by either the s- or r-process and it is 
not trivial to disentangle the different production mech- 
anisms. Metal-poor stars offer an opportunity to obtain 
"clean" nucleosynthctic signatures of each process, as will 
be described in this section. This opportunity provides 
unparalleled insight into the details of nucleosynthesis in 
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the early Universe and the onset of chemical evolution of 
the heaviest elements. 

s-process 

s-process nuclei are produced in the interiors of low 
and intermediate-mass AGB stars and in the He- and 
C-burning phases of massive stars. On timescales longer 
than that of a /3-decay, neutrons are added to a seed nu- 
cleus (i.e., Fe) to build up heavier, stable nuclei. When 
neutron-capture creates a radioactive isotope, it will in 
general decay to its stable daughter isotope before cap- 
turing another neutron. In this way, nuclei along the 
"valley of /3-stability" are created. The overall extent 
to which heavier and heavier isotopes are made is de- 
termined by the strength of the neutron flux and the 
timescale over which it operates. This is known as the 
time-integrated neutron-flux or neutron-exposure. As a 
consequence, the s-process is more efficient in low metal- 
licity AGB stars due to a relatively larger ratio of neu- 
trons to Fe seeds owing to the primary nature of the 
neutron source. In massive stars, however, the efficiency 
of the s-process strongly depends on whether the neu- 
tron source is of primary or secondary nature, and may 
depend on stellar rotation. 

About half of the isotopes of the elements heavier than 
iron can be created through the s-process. Nuclei with 
atomic numbers that are equivalent to the magic num- 
bers of neutrons, A = 90 (N = 50), A = 140 (N = 82), 
A = 208 (N = 126), are produced in larger quantities ow- 
ing to their small neutron-capture cross-sections. (Here 
and in what follows, A refers to the mass number, Z 
to the atomic number, and N to the neutron number 
of a nucleus.) This results in three so-called "s-process 
peaks" that make up a distinct neutron-capture abun- 
dance signature. The first peak is located at Sr, Y, and 
Zr, the second at Ba, La, and Ce, and the third occurs 
at the end point of the s-process, Pb and Bi. For the 
Sun, the s-process component can be calculated, and sub- 
tracted from the total neutron-capture pattern to obtain 
the r-process contribution. Figure [TBI shows the neutron- 
capture abundance distributions of both the s- and r- 
process. The s-process peaks are clearly seen, as well 
as the relative contributions of each process to a given 
element. 

Overall, the s-process is rather well understood theo- 
retically, even though there remain uncertainties with re- 
gard to the modeling of the amount of 13 C that acts as a 
major neutro n source and other reaction rates associate d 
with it (e.g., lArlandini etail 119991 iSneden et all 12008( 1 . 
The "main" component of the s-process occurs in the 
helium shells of thermally pulsing lower mass AGB stars 
and is believed to account for elements with Z > 40. Ex- 
amples of s-process yields obtained from models of AGB 
stars with mass es of 1 to 6 M ffi and dif f erent metallicities 
can be found in lKarakas fe Lattanziol (|2007t l. 

The main neutron sources are a-captures on 13 C and 
22 Ne nuclei. The former creates a low neutron density of 
n n ~ 10 7 neutrons cm -3 , whereas the latter can provide 
a burst of neutrons with fluxes up to n n ~ 10 13 neu- 
trons cm -3 during convective thermal pulses. The con- 
centration of 13 C and the low reaction rate at the tem- 
peratures under which the 13 C(o;,n) 16 reaction occurs 
in the He-shell maintain the s-process for thousands of 
years. Moreover, the repeated exposure of the He-shell to 
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Fig. 16. — Solar s- and r-pro cess patterns (dash ed and full 
lines, respectively) (data from lBurris et al.| [2000). After bil- 
lions of years of chemical evolution, the different contribu- 
tions of the s- and r-processes are clearly seen. Sr and Ba are 
predominantly produced in the s-process, whereas Eu, Os, Ir 
and Pt originate mainly in the r-process. (The vertical dotted 
lines have been added to facilitate identification of Ba, Eu, 
and Ir.). 

neutron fluxes is important for forming the heaviest ele- 
ments in AGB stars. On the contrary, the 22 Ne(a,n) 25 Mg 
source has a timescale of only ~ 10 years. During the 
final stages of AGB evolution, s-process material is dis- 
persed by stellar winds. 

The so-called "weak" component of the s-process oc- 
curs in the He- and C-burning cores of more massive stars 
of roughly solar mctallicity, and preferentially produces 
elements around Z ~ 40. These stars are just massive 
enough (perhaps around 8M ) to eventually explode as 
core-collapse SNe during which the s-process material 
is ejected into the ISM. Regardless of the mass range, 
the AGB phase includes a scries of dredge-up episodes 
that transport the newly created material to the surface. 
Through stellar winds, the ISM is immediately enriched 
with s-process elements, making AGB stars significant 
contributors to Galactic chemical evolution. 

Given that many stars occur in binary systems, a com- 
mon scenario is mass transfer during which s-process el- 
ements are transferred to a lower mass companion. This 
fortuitously provides an indirect method of studying a 
clean AGB nucleosynthesis signature. The process oc- 
curs not only in the early Universe, but also among 
higher mctallicity stars. The so-called "Ba-stars" are 
the "receiver" stars within Population I binaries and the 
"CH stars" those within mild Population II systems. The 
characteristic s-process signature seen above in Figure [TBI 
has been observed in many metal-poor stars as the result 
of a more massive companion going through the AGB 
phase an d transferring so me material onto its compan- 
ion fe.g.. lAoki et al|[2001(l . In Figure [TT1 abundances for 
several s-process-enhanccd stars are shown in comparison 
with the scaled solar s-process pattern. (One should re- 
call here that an abundance definition that classifies stars 
as s-process- rich is given in Table UJ) As may be seen in 
the figure, there is good agreement between the scaled 
solar pattern and the stellar abundances. (It should be 
remarked in passing that the relatively poor agreement 
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Fig. 17. — 1D/LTE abundances of s-process-enhanced metal- 
poor stars compared with the scaled solar s-process pattern. 
See text for discussion. 

for Pb results from a significant underproduction of Pb in 
earlier s-process solar models, such as the one presented 
in Figure[l7](R. Gallino, private communication). Corre- 
spondingly, the scaled-solar r-process Pb predictions are 
too high. There remain disagreements, however, between 
the observed Pb abundances and the model predictions, 
suggesting that either our understanding of these pro- 
cesses is still rather limited or that there are systematic 
uncertainties in the abundance determinations, or both.) 

This agreement is remarkable given the fact that the 
solar neutron-capture material is a product of ~ 8 Gyr 
of integrated chemical evolution, whereas the halo stars 
received these elements directly from one of the AGB 
stars that made s-process elements early in the Uni- 
verse. Overall, the abundance match indicates a solid 
theoretical understanding of the s-process. This is also 
demonstrated by a small number of s-process stars that 
show extremely large enhan cements of Pb as p redicted 
for third peak-elements (see lSneden et al.ll2008D . Addi- 
tionally, since carbon is also produced during the AGB 
phase, the mass transfer usually includes large amounts 
of carbon, (s-process-enhanced stars are marked as such 
in Figure I13[ with diamond symbols, to illustrate this 
point.) Most importantly, it should be kept in mind that 
the carbon excess in these stars is dominated by an ex- 
trinsic source and not representative of the intrinsic car- 
bon abundance of the stars' birth cloud. Finally, note 
that despite the mass transfer, the s-process-enhanced 
metal-poor stars exhibit lighter element (Z < 30) abun- 
dance patterns that are the same as those of other 
normal metal-poor halo stars. One exception is fluo- 
rine which, if significantly enhanced, is a signature of 
low-mass AGB pollution together with usual s-process- 
element and carbon-enhancement. 

The evolution of representative neutron-capture ele- 
ments as a function of [Fe/H] is shown in Figure [TSJ 
Sr and Ba are predominantly produced in the s-process 
(89% and 85% in the Sun, respectively); see lBurris et al.l 
( 2000]) for details. Since the first lower mass stars in the 



Universe reached their AGB phase ~1 Gyr after the Big 
Bang, s-process enrichment occurs with some delay with 
respect to core-collapse SN enrichment. This is indeed 
as observed: at a metallicity of [Fe/H] ~ —2.6, the s- 
process is in full operation, including significant neutron- 
capture element "pollu tion" of the Galaxy by AGB stars 
(|Simmerer et al.H2004D . as can be seen in the top panels 
of Figure [TH Metal-poor stars with an obvious s-process 
signature from a mass transfer event are also carbon-rich. 
At these and higher metallicities, all stars thus formed 
from gas that was intrinsically enriched in s-process ele- 
ments, irrespective of whether or not they received extra 
s-process material from a companion. As can be seen in 
the bottom panels of the figure, there is a main branch 

in the [Ba/Fe] vs. [Fe/H] plane. Above [Fe/H] 2.6, 

it is dominated by stars formed from AGB enriched gas. 

There are some exceptions with respect to clean s- 
process signatures in metal-poor stars. A handful of 
objects display a mixed abundance signatu re originating 
from both the s- and the r-process (see e.g., Uonsell et al.l 
120061 for an extensive discussion on the origin of s-/r- 
mixtures observed in metal-poor stars). This includes 
some stars with [Fe/H] < —2.6, and their unusual chemi- 
cal patterns are perhaps due to earlier more massive stars 
expelling some s-process elements when they exploded as 
core-collapse SNe. Several different scenarios have been 
invoked to explain the combination of the two neutron- 
capture processes originating at two very different astro- 
physical sites. No completely satisfactory explanation, 
however, has yet been found. 

r-process 

Heavy elements are also produced in the rapid (r-) pro- 
cess, which takes place over just a few seconds. Seed nu- 
clei (e.g., C or Fe) are bombarded with neutrons (~10 22 
neutrons cm -2 sec -1 ) to quickly form large radioactive 
nuclei far from stability. After the strong neutron flux 
ceases, the nuclei decay to form stable, neutron-rich iso- 
topes. The r-process does not, however, produce in- 
finitely large nuclei because of a significant decrease in 
the cross sections of neutron-capture nuclei with closed 
neutron shells. Other unfavorable reaction rates and 
problems with nuclear stability in the heavy-isotope re- 
gion also play a role. These factors eventually terminate 
the r-process at nuclei around A = 270, far in the trans- 
uranium regime. Those nuclei all decay to eventually 
become Pb. Approximately half of the neutron-capture 
isotopes heavier than iron are produced in this way, in- 
cluding the heaviest, long-lived radioactive elements tho- 
rium and uranium. 

The r-process also manifests itself in a characteristic 
abundance pattern, showing three large peaks at ele- 
ments with A ~ 80 (Z ~ 33; Sc-Br-Kr), A ~ 130 (Z ~ 52; 
Te-I-Xe) and A ~ 195 (Z ~ 77; Os-Ir-Pt), similar to the 
s-process peaks. The latter two of these may be seen 
in Figure [T5] The peaks form because nuclei with closed 
neutron shells only reluctantly capture any neutrons (i.e., 
they have extremely small cross-sections). With their 
long /3-decay lifetimes, they act as bottlenecks to ad- 
ditional neutron-captures creating even heavier nuclei. 
Hence, nuclei with atomic masses at or just below the 
closed-shell nuclei pile up during the process. 

Unlike the situation for the s-process, the astrophysical 
site(s) that provide the extreme neutron fluxes required 
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Fig. 18. — 1D/LTE neutron-capture element abundances ratios [Sr/Fe] and [Ba/Fe] as a function of [Fe/H] for carbon-enhanced 
objects ([C/Fe] > 0.7; top panels) and other halo stars (bottom panels). The range in [Sr/Ba] and [Ba/Fe] is much larger than 
uncertainties or systemic differences between individual studies, indicating a cosmic origin. Below [Fe/H] ~ —3.0, the evolution 
is dominated by r-pro cess enrichment. For [Fe/H] > —2.6, the s-process significantly contributes neutron-capture material (see 
ISimmerer et al.ll2004l ). Arrows indicate upper limits, while the solar ratio is indicated by dotted lines. 



for the r-process have not yet been identified. Neutron- 
star mergers have been considered, but their long evolu- 
tionary timescale prior to merging argues against them 
being the primary r-process site in the early Galaxy. 
Neutrino-driven winds emerging from the formation of 
a neutron-star during a cor e-collapse SN explos i on ar e 
more promising locations (jQian fc Wasserbufgl l2003h . 
Since massive SNe dominate chemical enrichment in 
the early Universe (e.g., as documented through the a- 
element enhancement found in halo stars) , the neutrino- 
driven wind model agrees naturally with such an early 
SN enrichment mode. 

In order to learn about the details of the r-process 
and its site, it is of great importance to obtain actual 
data of a "clean" r-process signature. The best candi- 
dates for this are the r-II stars (sec Table Q] for defi- 
nitions), the most strongly r-process-enhanced objects, 



whi ch comprise about 5% of stars with [Fe/H] < —2.5 
(see lBarklem et all 120051) . All but one of the r-II stars 
have metallicities close to [Fe/H] = —3.0, with the out- 
lier having an even lower [Fc/H]. The metallicities are 
thus distinctly lower than the value of [Fc/H] = —2.6 
discussed above as corresponding to the onset for AGB 
s-proccss enrichment. (It should be recalled that mildly 
enriched r-I stars are found up to metallicities of [Fe/H] ~ 
—2.0; while at higher values, the signature becomes less 
clean since the more metal-rich star would have formed 
from material already significantly enriched in r-process 
elements.) This suggests that the r-process enhancement 
comes from stars slightly more massive than those that 
experience the s-process during AGB evolution. 

The "main" r-process operates in the full range of 
neutron-capture elements, up to Z = 92. Model cal- 
culations have shown that it probably only occurs in 
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Fig. 19. — 1D/LTE abundances in r-process-enhanced metal-poor stars compared with the scaled solar r-process pattern. Note 
the remarkable agreement for elements heavier than Ba (Z > 56). 



a specific, yet unidentified type of core-collapse SN, or 
perhaps only in a particu lar mass range (~8 - fOM ; 
IQian fe Wasserburd 120031 ) . Examination of the ratios 
of the heavy (Z > 56) neutron- capture abundance s 
in r -process enhanced stars (e.g., iSneden et al.l 1199 



iHill et alJl200llBarklem et aLlbooa iFrebel et al.ll2007 

shows that the abundance distribution of each closely 
matches that of th e scaled solar r-process pattern (e.g., 
iBurris et al.1 12000T ) . Figure [19] shows data for four well- 
studied r-H stars. Given that the Sun was born ~8 Gyr 
later than these otherwise ordinary metal-poor stars, this 
is a remarkable finding. Assuming that the r-process 
takes place only in core-collapse SNe, the match of the 
stellar and solar patterns suggests that the r-process is 
universal: that is, no matter when and where is happens, 
it always produces its elements with the same propor- 
tions. Otherwise, the integrated pattern observed in the 
Sun would not resemble the individual pattern found in 
a ^13 Gyr old star. 

While there is excellent agreement with the scaled so- 
lar r-process pattern for elements heavier than Ba, de- 
viations have been found among the lighter neutron- 
capture species. This indicates that the origin of the 
lighter elements is more complex, with perhaps both the 
"main" and "weak" r-proc esses contributing in differ- 
ent mass ranges (see, e.g., iTravaglio etld1l200l . The 
"weak" r-process is thought to produce mainly the lighter 
neutron-capture elements (Z < 56) and little or no 
heavier material, such as Ba. Possibly, this occurs 
mainly in massive (> 20 M Q ) core-collapse SNe (see e.g., 



iWanaio fc Ishimarull2006T) . A candidate for an observed 
"weak" r-process signature is provi ded by the r-process - 
poor, metal-poor star HD 122563 (|Honda et al.1 120061 ) . 
which displays a depleted, exclusively light neutron- 
capture-element pattern. The [Sr/Ba] ratio in this and 
other stars can be employed to learn about the relative 
contributions of the two r-processes, and potentially the 
origin of the overall abundance pattern. In this scenario, 
the "main" r-process would produce lower [Sr/Ba] ratios 
than the "weak" one. 

Overall, neutron-capture elements are produced in lim- 
ited amounts. Their abundances in solar system mate- 
rial is about 6 orders of magnitude less than those of the 
Fe-peak elements. Nevertheless, they provide invaluable 
insight into various early nucleosynthesis processes. The 
enormous scatter of neutron-capture abundances (e.g., 
[Ba/Fe]), as a function of [Fc/H], suggests that the pro- 
duction of neutron-capture elements is completely decou- 
pled from that of Fe and other elements. As described 
earlier, and displayed in Figurcs[T4]and[T5l the a- and Fe- 
peak element abundances show very little scatter, prob- 
ably because the ISM was already relatively well-mixed 
by [Fe/H] ~ —4.0. As can be seen in Figure [T51 espe- 
cially at [Fe/H] ~ —3.0, there is a range of ^6dex in 
neutron-capture abundances. This must reflect strongly 
varying degrees of neutron-capture yields at the earliest 
times, and probably also different processes contributing 
different groups of these elements in various amounts (for 
example more Sr than Ba at the very lowest metallici- 
ties). Only at somewhat higher metallicities, when the 
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s-proccss begins to dominate the neutron-capture inven- 
tory, does the bulk of the stellar abundance ratios become 
more solar-like. 

4.3. The Milky Way Globular Clusters and Dwarf 
Galaxies 
4.3.1. Globular Clusters 

The internal relative abundance patterns of the Galac- 
tic globular clusters are distinctly different in many re- 
spects from those of the Galactic halo, and require an ex- 
planation involving poorly understood intracluster self- 
enrichment processes. While this is a very important 
field of endeavor, insofar as it lies beyond the scope of 
the present chapter, a comprchesive description of this 
topic can not be provided here. Instead, some of the 
main differences between the globular cluster and halo 
field stars are briefly highlighted. 

• Most clusters are chemically homogeneous with re- 
spect to iron, at the ~0.03 dex level. The clear 
exceptions among the halo clusters arc u> Centauri, 
M22, and M54, where ranges of A[Fc/H] ~ 0.3 
to 1.5 dex have been observed. In Figure [9] the 
reader can see the MDF of w Cen, the cluster with 
the largest spread; a large number (—5) of sub- 
populations, with distinctly different mean [Fe/H] 
have been identified in this system. 

• All globular clusters so far studied have been 
found to be chemically inhomogeneous in a num- 
ber of light elements that are produced or modified 
in nuleosynthetic (p, 7) reactions. Beginning in 
—1970, observations and analyses of cluster mem- 
bers have over time added the following elements 
to the list - C, N, O, Mg, Na, and Al. Strong 
correlations and anti-correlations exist among the 
abundances of these elements; and within a given 
cluster, sub-populations have been identified based 
on abundance patterns involving them. Lithium 
and hcavy-neutron-capture element variations have 
also been reported that correlate with those of 
the above elements in some clusters. Intermediate 
mass AGB stars are most commonly identified as 
the nucleosynthesis sites responsible for these vari- 
ations, together in some cases with internal mixing 
high on the present-day RGB. 

• Finally, some (but not all) of the most massive clus- 
ters (u! Cen, NGC 2808) show multiple main se- 
quences in the color-magnitude diagram, for which 
the only empirically consistent explanation yet pro- 
posed is that there are sub-populations within 
these systems that have distinct helium abun- 
dances in the astoundingly large range Y ~ 0.23 
- 0.35 (Y is the helium fraction by mass). No 
completely satisfactory explanation has yet been 
given, although several authors identify massive 
AGB stars in an early generation of cluster stars 
as the prime candidate. 

Various models have been proposed that are unique 
to the globular cluster environment and which involve a 
number of stellar generations that chemically enrich the 
material from which subsequent generations form. An 



example of such a model, which also provides references 
to the observational materia l described above is provided 
bv lConrov fc Spereell (|20TH) . 

4.3.2. Dwarf Galaxies 

One of the important unsolved problems in cosmology 
is understanding the formation of galaxies. Studying the 
compositions of stars in dwarf galaxies provides infor- 
mation on the chemical evolution of these systems. The 
Milky Way's dwarf galaxy satellites, with a large range in 
masses and luminosities very different from those of the 
Milky Way itself, permit a comparison of their chemical 
evolution histories, which in turn provides clues to the 
origin and overall evolution of different types of galaxies. 
Specifically, the connection between the surviving dwarf 
systems and those believed to have been captured and 
dissolved to form the Milky Way halo is best addressed 
by examining in detail the stellar chemical abundances of 
present-day dwarf galaxies (see also Section 16.21 on this 
topic). The most metal-poor (and hence oldest) stars 
in a given system permit unique insight into the earliest 
phases of star formation. Stars born at later times (and 
thus with higher metallicities) contain the integrated ef- 
fects of internal che mical evolution in their atmospheric 
compositions. (See iKirbv et al.ll2011l for an overview of 
the history and current state of simple chemical evolution 
models.) 

Dwarf spheroidal galaxies are relatively simple systems 
that allow us to study, both observationally and theoret- 
ically, the basic processes that led to their origin and 
evolution. They are generally old, metal-poor, have no 
gas, and thus no longer support star formation. On the 
other hand, a large fraction of their mass comprises dark 
matter, with the least luminous of them having mass- 
to-light ratios of order 10 3 (in solar units). Some 25 
such syste ms are currently kn own orbiting the Galaxy 
today (see iTolstov et al.l 120091 for a review). The -10 
recently discovered "ultra-faint" dwarf galaxies (Ly < 
1O 5 L ; iMartin et al.l [20081) are some orders of magni- 
tude fainter than the more luminous, "classical" , Milky 
Way dwarf spheroidal galaxies. As has been outlined in 
Section 13.2. 1[ all of these dwarf systems follow a (metal- 
licity, luminosity)-relationship, with the classical dwarfs 
being on average more metal-rich and containing more 
stars than their less luminous ultra-faint siblings. 

With [Fe/H] > —2.0, stars in the classical dwarf galax- 
ies were found to have abundance ratio s different from 
halo stars at the same metallicity (e.g., Shctron c et al.l 
l2003tlGeisler et al.|[2005T) . Most strikingly, the a-element 
abundances are not enhanced to the SNII enrichment 
level of [a/Fe] — 0.4. This indicates different enrichment 
mechanisms and longer timcscales in the dwarf galaxies; 
due to a slower evolution, the Fe contribution from SN la 
occurred "earlier" , at a time when the entire system had 
not yet reached a metallicity of [Fc/H] — —1.0, the turn- 
down point of [a/Fe] vs. [Fc/H] in the Milky Way (see 
Figure [M]) . 

Only very recently, a handful of stars with metallic- 
ities of [Fe/H] < —3.0 was discovered in the classical 
dwarf galaxies, with some of them having [Fe/H] — —4.0 
(|Frebel et a l. 2010aJ). While these dwarfs have been stud- 
ied for many decades, problems with earlier search tech- 
niques had prevented the discovery of extremely metal- 
poor stars (jStarkenburg et all l2010f ). The existence of 
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Fig. 20. — Comparison of stars in the Galactic halo (circles: ICavrel et al.l [20041 : iFrancois et al.l 120071 ) and dwarf galaxies 
(asterisks: Ursa Major II, filled squares: Coma Berenices, diamonds: Segue 1, Bootes I and Leo IV) in the 1D/LTE relative 
abundances ([X/Fe]) vs [Fe/H] diagram. While the light element abundances agree very well, dwarf galaxy stars have relatively 
low neutron-capture abundances, albeit still within the range of the halo stars. 



such objects shows that a mctallicity range of -~3 dcx 
is present, at least in the Sculptor and Fornax dSphs. 
At [Fc/H] < —3.0, the chemical abundances, obtained 
from high-resolution spectra, are remarkably similar to 
those of Galactic halo stars at similar metallicities. This 
is in contrast to the deviations at higher [Fc/H], and 
provides evidence for a change in the dominant enrich- 
ment mechanisms. For these types of dwarf galaxies, the 
transition from halo-typical abundance ratios (as a re- 
sult of SN II enrichment) to more solar-like values (SN la- 
dominated Fe production) appears to take place aroun d 
[Fe/H] = -3.0 (ICohen fc Huang! [2001 : lAoki et al.ll2009h . 
As a consequence, chemical evolution may be a universal 



process, at least at the earliest times, the very regime 
that is probed by the most metal-poor stars. 

The first extremely metal-poor stars not belonging 
to the Galactic halo field population were found in 
some of the ultra-faint dwarf galaxies, even before such 
stars were discovered in the classical dwarfs (jKirbv et al.l 
2008). Due to their distance and low stellar density 
these systems contain few stars brighter than V = 
19, making the collection of spectroscopic data a chal- 
lenge. Nevertheless, high-resolution spectra of a handful 
of individual metal-poor stars in Ursa Ma jor II, Coma 
Bereni c es, Bootes I, Segue 1, and Leo IV (iFrebel et al.l 
I2010ri INorris et all [201Qcllal : ISimon et al.l I2010D have 
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been obtained. A large fraction of them arc extremely 
metal-poor (i.e., [Fc/H] < -3.0). With one exception, 
all of their light element [Z < 30) abundances show 
the halo-typical core-collapse SNe signature, resembling 
those of similarly metal-poor Galactic halo stars. This 
may be clearly seen in the upper six panels of Figure [20l 
where the relati ve abundances of the meta l-poor halo red 
giant sample of iCavrel et al.l (|2004l) and iFrancois et al.l 
(|2007|) (presented above in Section [3.2.2[) are compared 
with those available for red giants in the ultra-faint dwarf 
galaxy stars. The exception is the CEMP-no star (see 
Table HJ Segue 1-7, a radial- velocity member or Segue 1, 
whic h has [Fe/Hl = -3.52 , [C/Fe] = +2.3, and [Ba/Fe] < 
-1.0 (jNorris et al.ll2010al ). The 200-fold overabundance 
of carbon relative to iron in this extremely metal-poor 
star is quite remarkable. This shows that the CEMP-no 
phenomenon is not restricted to the Milky Way halo and 
may provide important clues to the origin of these stars. 

Some abundances, however, indicate that the chemical 
evolution in these small systems may have been moder- 
ately inhomogeneous (see Section f3 . 2 . H Figure [9]), with 
some stars perhaps reflecting enrichment by massive Pop- 
ulation III stars. The chemical similarity to halo stars is 
also found at higher metallicity, up to [Fe/H] ~ —2.0, in 
contrast to what has been found for the classical dwarfs. 
This remarkable similarity between the abundance pro- 
files of the halo and the dwarf galaxies supports the view 
that chemical evolution is independent of galaxy host 
mass in this metallicity regime. Moreover, this (together 
with the existence noted above of a CEMP-no star in 
the ultra- faint Segue 1) renews support for a scenario in 
which the metal-poor end of the Milky Way halo pop- 
ulation was built up from destroyed dwarf galaxies (see 
Section [672]) . 

Finally, neutron-capture abundances should be men- 
tioned. These are extremely low in the ultra-faint sys- 
tems, and as may be seen in the two bottom panels of Fig- 
ure [501 in the range — 3.0 < [Fe/H] < —2.0, the observed 
Sr and Ba values lie well below those found in typical 
Milky Way halo stars. A more general statement is that 
the mean values of [Sr/Fe] and [Ba/Fc] arc significantly 
smaller in the ultra-faint dwarfs than in the halo. Com- 
parably low values for Sr and Ba are also found i n the 
more l uminous dwarfs Herc ules ([Koch et al.l I2008T ) and 
Draco (|Fulbright et al.ll2004D despite their sometimes rel- 
atively high Fe values of [Fe/H] ~ —2.0. 

5. COSMO-CHRONOMETRY 

Because of their low metallicity, metal-poor stars are 
usually regarded as having been formed at the earliest 
times, when the first elements heavier than helium were 
being synthesized. The most metal-poor stars are thus 
regarded as being almost as old as the Universe. Age de- 
terminations for field stars are, however, difficult, since 
they do not belong to a distinct single-age population 
such as a globular cluster. Cluster ages are based on fit- 
ting isochrones to their color-magnitude diagrams. The 
age dating of globular clust ers will not be discussed h ere, 
and the reade r is referred tolVandenberg et alJ (|1996| ) for 
details, and to lMarin-Franch et al. " ((2*0091 ) for more recent 
results which are addressed further in Sectioning Suffice 
it to say that although the clusters are not as metal-poor 
as the most metal-poor field stars, the ages of the older 
of them range from 10 to 14 Gyr, placing them among 



the oldest objects in the Universe. The main point of 
focus in this chapter is dating techniques for individual 
r-process-enhanced Galactic halo field stars. 

5.1. Nucleo-Chronometry of Metal-Poor Field Stars 

A fundamental way to determine the age of a single 
star is through radioactive decay dating. Elements suit- 
able for this procedure are not, however, present in suffi- 
cient quantities in ordinary stars. There is also the prob- 
lem of finding stars that have experienced enrichment 
from a single source so that the decay tracks the time 
from just one production event until the time of measure- 
ment. Fortunately, in strongly r-process-enhanced metal- 
poor stars, radioactive age dating is possible through 
abundance measurements of Th ( 232 Th, half-life 14 Gyr) 
and/or U ( 238 U, half-life 4.5 Gyr). These half-lives are 
sufficiently long for measurements of cosmic timescales, 
and stellar ages can be determined based on radioactive 
decay laws that lead to simple equations for different 
chronometer ratios involving Th, U, and stable r-process 
elements. Observed abundances in r-processed-enhanced 
stars provide determinations of their remaining radioac- 
tive material, e.g., loge(Th/r) now , with r being a stable 
element such as Eu, Os, and Ir, for which the follow- 
ing relationships (derived from radioactive decay laws in 
combination with known nuclear physics) obtain. 

1. At = 46.78[log(Th/r) 

initial 1.1 U\Y ] Gyr 

2. At = 14.84[log(U/r) 

initial 

loge(U/r) 

now ] Gyr 

3. At = 21.76[log(U/Th) 

initial 

loge(U/Th) 

HOW 

] Gyr 

Only theoretical r-process calculations can pro- 
vide the initial production ratios (log (Th/r); n ;ti a i and 
log (U/r)i n itiai) that describe how much r-process mate- 
rial, including Th and U, was made in the production 
event, i.e., the SN explosion. This implies that, techni- 
cally, the SN is dated rather than the star. The time 
span, however, of the formation of the star after the SN 
is regarded as negligibly short compared to the star's 
age. Currently, the astrophysical site of the r-process re- 
mains unclear, and the associated initial conditions are 
not known, making yield predictions difficult. Neverthe- 
less, some calculat ions involving vari ous approximations 
are available (e.g.. iSchatz et alJ [2b02D. It should be kept 
in mind that the universality of the r-process, noted in 
Section 14. 2. 2\ (at least for Z > 56) is a major ingredient 
in predicting the relative elemental ratios, such as Th/r. 

The first r-II star, CS 22892-052, wa s discovered more 
than a decade ago in the HK survey (jMcWilliam et al.l 
[19951). Its Th/Eu ratio yielded an age of 14 Gyr 
(jSneden et all 12001 . A second object, CS 31082-001, 
in which both Th and U were measurable, was then also 
show n to be 14 Gyr o ld, based on its U/Th abundance 
ratio (jHill et alJl200l . A large campaign was then ini- 
tiated to observe metal-poor candidate stars from the 
Hamburg/ESO survey to discover such objects. Identi- 
fying stars with a strong Eu II line at 4129 A, the main 
r-process indicator in stellar spectra, led to the discovery 
of several strongly r-process-enhanced (r-II) stars (see 
iBarklem et al.ll2005l and references therein) and dozens 
of mildly enriched (r-I) objects. With the exception of 
CS 31082-001, many of these r-process-enhanced stars 
could be dated with only the Th/Eu chronometer. 
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Fig. 21. — Spectrum synthesis of the U line region at 3860 A in HE 1523-0901 (left panel, whole region; right panel, detailed 
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In CS 31082-001, chronometer ratios involving any sta- 
ble elements (e.g., Th/Eu) yielded negative ages. This is 
due to unusually high Th and U abundances compared 
with values expected for these elements from their overall 
r-process pattern (scaled to the Sun). Since only the el- 
ements h eavier than the 3 rd r- process peak are (equally) 
affected (jRoederer et al.ll2009D . the U/Th ratio still gives 
a reasonable age for this star. The beh avior was termed 
an "actinide-boost" (jSchatz ct al. 2002|) and indicates an 
origin different from "normal" r -process-enhanc ed stars 
and/or multiple r-process sites (jHill et al.l 120021 ). Since 
then, three more r-process-enhanced stars with such high 
Th/Eu ratios (~20% of r-process sta rs) have been found 
(|Honda et al.l 12001 lLai et all [200l) . The underlying 
physical process (es) leading to the large fraction of the 
actinide-boost stars will need to be thoroughly investi- 
gated over the next few years. It is crucial to assess 
whether the apparent universality of the r-process of ele- 
ments with Z > 56 seen in "regular" r-process-enhanced 
stars remains truly universal, or if it is simply an arte- 
fact of our limited understanding of the r-process and/or 
insufficient numbers of such stars. 

For only one r-II star has it so far been possible to 
determine ages from more than just one chronometer ra- 
tio. The bright giant HE 1523-0901 (V = 11.1) has 
the strongest enhancem ent in r-process elements so far 
observed, [r/Fc] = 1.8 (|Frebel et al.l [20061 l2007al) . and 
among the measured neutron-capture elements are Os, 
Ir, Th, and U. Its average stellar age of ~13Gyr is based 
on seven chronometers Th/r, U/r and U/Th involving 
combinations of Eu, Os, Ir, Th and U. Only in cool 
r-II red giants can the many weak and often partially 
blended neutron-capture features be measured. The two 
most challenging examples are the extremely weak UII 
line at 3859 A and the even weaker Pbl line at 4057 A; 
these two lines are the strongest optical transitions of 



the two elements. (It should be mentioned that both 
lines are blended with a strong CH feature. Hence, U 
and Pb can be detected best in stars with subsolar car- 
bon abundances, which minimizes the blending effect. 
In CS 22892-052, a carbon-rich r-process-enhanced star, 
neither element will ever be measurable.) 

Figure [5T] shows the spectral region around the U line 
in HE 1523—0901. To be useful for age determination, 
r-II stars should be as bright as possible (preferably 
V < 13) so that very high-resolution spectra with very 
high S/N can be collected in reasonable observing times. 
A successful U measurement requires a high-resolution 
spectrum (R > 60000) with S/N of at least 350 per pixel 
at 3900 A. A Pb measurement may be attempted in a 
spectrum with S/N ~ 500 at 4000 A. Only three stars 
have had U measurements. They are HE 1523—0901, 
CS 31082-001, and a somewhat uncertain detection in 
BD +17° 3248, of which the age of HE 1523-0901 is 
currently the most reliable. 

Compared with Th/Eu, the U/Th ratio is more ro- 
bust against uncertainties in the theoretically derived 
production ratio because Th and U have similar atomic 
masses (for which u ncertainties largely cancel out; e.g., 
iWanaio et al.ll200"2T ). Hence, stars displaying Th and U 
are the best for age determination. For the same reason, 
stable elements of the 3 rd r-process peak (76 < Z < 78) 
are best used in combination with Th and U. Neverthe- 
less, realistic age uncertainties range from ~2 to ~5 Gyr 
depen ding on the chronomete r ratio (see iSchatz et al.l 
120021 and iFrebel et al.l 12007a! for discussions). In any 
case, age measurements of old stars naturally provide 
an important independent lower limit to the age of the 
Universe, currently inferred to be 13.73 to'isGyr with 
WMAP (jSpergel et al.ll2007lh In the absence of an agc- 
metallicity relationship for field halo stars, the nucleo- 
chronometric ages thus demonstrate that these metal- 
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deficient stars, with [Fc/H] ~ —3, are indeed very an- 
cient, leading to the corollary that stars of similar [Fe/H], 
but with no overabundance in r-process elements, have a 
similar age. 

The r-process-enhanced stars fortuitously bring to- 
gether astrophysics and nuclear physics by acting as a 
"cosmic laboratory" for both fields of study. They pro- 
vide crucial experimental data on heavy-element produc- 
tion that is not accessible to nuclear physics experiments. 
Since different r-process models often yield different fi- 
nal r-process abundance distributions, particularly in the 
heavy mass range, self-consistency constraints are very 
valuable. The stellar abundance triumvirate of Th, U, 
and Pb provides such constraints. These three elements 
are intimately coupled not only with each other but also 
to the conditions (and potentially also the environment) 
of the r-process. Pb is the /3- plus a-decay end-product 
of all decay chains in the mass region between Pb and the 
onset of dominant spontaneous fission above Th and U. It 
is also built up from the decay of Th and U isotopes. All 
three measurements thus provide important constraints 
on the poorly understood decay channels. They offer an 
opportunity to improve r-process models which, in turn, 
facilitates the determination of improved initial produc- 
tion ratios necessary for the stellar age dating. 

6. COSMOGONY 

6.1. The Early Universe 

Simulations of the hierarchical assembly of galaxies 
wi thin the Cold Dark M atter (CDM) paradigm pioneered 
bv lWhite fe Reesl (11978ft and today referred to a s ACDM 
(e.g.. iDiemand et alJl2007t iSpringel et al.ll2008t ) demon- 
strate that structure formation in the Universe proceeded 
hierarchically, with small dark matter halos merging to 
form larger ones which eventually led to the build-up 
of larger galaxies like the Milky Way. This is further 
described in Section 16.21 The very first stars (Popula- 
tion III) formed in small, so-calle d minihalos of ~10 6 M ^ 
that collapsed at z ~ 20 - 30 (|Tegmark et alJll997t ) a 
few hundred million years after the Big Bang. Hydrody- 
namical cosmological simulations have shown that due to 
the lack of cooling agents in primordial gas, significant 
fragmentation was largely suppressed so that these first 
objects were very massive, of o rder ^100 M^ (a "top- 
heavy" initial mass function; e.g. lBromm fc Larsonll2004l 
and references therein) and likely fast rotating. This is in 
contrast to low-mass stars (<1M Q ) dominating today's 
mass function (often referred to as the Salpcter mass 
function). 

In this scenario, the massive first generation stars (des- 
ignated Population III. 1) soon exploded as core-collapse 
SNe leaving remnant black holes (for progenitor masses 
of 25 M < M < 140 M Q and M > 260 M Q ), or even 
more energet ic pair-instability SNe (PISNe; 140 M© < 
M < 260M^; lHe"ger fc Wooslevll2002l) with complete dis- 
ruption. A specific, predicted "chemical fingerprint" of 
the putative PISN explosion has not (yet) been identi- 
fied in any metal-poor star. (Given that luminous su- 
pernovae (having peak My < —21) in external galaxies 
have been associated with massive pr ogenitor stars (M > 
100 M ) in low-metallicity regions (jNeill et al.ll2011ft it 
can not be excluded, however, that such a signature will 
be found.) In their final stages, all these massive objects 
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Fig. 22. — Abundance distribution vs. atomic number for 
the two most Fe-poor stars HE 0107-5240 and HE 1327-2326 
(circle and triangles, respectively) compared with the best 
fit models of "mixin g and fallback" core-collapse SNe (from 
INomoto et al. 2006). The middle dotted line shows the solar 
abundance ratio. See text for more details on the SNe models. 



provided vast amounts of ionizing radiation (and some of 
the first metals) that changed the conditions of the sur- 
rounding material for subsequent star formation, even in 
neighboring minihalos. Partially ionized primordial gas 
supported the formation of first H2 and then HD, which 
in turn facilitated more effective cooling than would be 
possible in neutral gas. Any metals or dust grains left 
behind from PISNe would have similar cooling effects. 
Hence, there likely was a second generation of metal-free 
stars (Population III. 2) that, for the first time, included 
stars of somewhat smaller masses (M ~ 10 Mq.) This 
generation, however, was still top-heavy, in contrast to 
typical present-day st ars (M ~ 1 Mo). Fo r a recent re- 
view of this topic, see iBromm et al.1 (|2009f l . Soon there- 
after, the first low-mass metal-poor stars were born. In 
their atmospheres they locked in the chemical fingerprint 
of the very first supernova explosions. Investigating the 
chemical abundances of the most metal-poor stars is thus 
the only way to gain detailed information of the nature 
and properties of the first stars without going to the very 
high redshift U niverse. Even with the James Webb Space 
Telescope (see http: / /www.jwst .nasa.gov| ) , the sensitiv- 
ity will not be sufficient to directly observe the first stars. 
The first galaxies may, however, just be reachable. 

As described in Section 12. 4[ four halo stars with the 
exceptionally low values of [Fe/H] < —4.3 are cur- 
rently known. An immediate question arises: do their 
abundance patterns reflect the chemical yields of the 
first stars? Before attempting to answer this ques- 
tion, their detailed chemical abundances have to be 
considered. The most striking features in both stars 
with [Fc/H] < —5.0 are the extremely large overabun- 
dances of the CNO elements ([C,N,0/Fe] ~ +2 to 
+4). HE 0557-4840 (with [Fe/H] = -4.8) partially 
shares this signature by also having a fairly large value 
of [C/FeJ. SDSS J102915+172927, however, does not. 
This object has an abundance signature that resem- 
bles typical metal-poor halo stars, including its car- 
bon signature, and no exceptional over- or underabun- 
dances. In contrast, other element ratios, [X/Fc], are 
somewhat enhanced in HE 1327—2327 with respect to 
stars with -4.0 < [Fc/H] < -2.5, but less so for 
the giants HE 0107-5240 and HE 0557-4840. No 
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neutron-capture clement was detected in HE 0107—5240, 
HE 0557-4840, or SDSS J102915+172927, whereas, un- 
expectedly, a large value of [Sr/Fe] = 1.1 was obtained 
for HE 1327—2326. Despite expectations, and as dis- 
cussed in Section l4.1.21 lithium was not detected in either 
the relatively unevolved subgiant HE 1327—2326 or the 
dwarf SDSS J102915+172927. The lithium abund ance 
upper l imits are log e (Li) < 0.7 (jFrebel et al.ll2008t) and 
< 1.1 (|Caffau et al.ll201ll ). respectively. These results 
are extremely surprising. Given that HE 1327-2326 and 
SDSS J102915+172927 have T eff = 6180 K and 5810 K, 
respectively, one would expect them to lie on the Spite 
Plateau, with loge(Li) = 2.3. Somewhat unsatisfac- 
tory conjectures that might explain the non-detection 
include: (1) Li at the epoch of lowest metallicity was 
below the abundance of the Spite Plate au due to its de- 
struction early in the Universe (see e.g.. lPiau et al.ll2006l 
for an interesting scenario), and (2) Li was destroyed 
by phenomena associated with (not yet detected) bina- 
rity. Progress will probably only be made when more 
near-main-sequence-turnoff stars with [Fe/H] < - 4.0 are 
discovered which permit clarification of this issue. 

Both HE 0107-5240 and HE 1327-2326 are bench- 
mark objects with the potential to constrain various the- 
oretical studies of the early Universe, such as the for- 
mation of the first stars, calculations of Population III 
SN yields, and the earliest chemical evolution. Several 
different scenarios have been offered that seek to explain 
the highly individual abundance patterns of both stars as 
early, extreme Population II, stars that display the "fin- 
gerprint" of just one Population III SN. These include: 
(1) "mixing and fallback" models (lUmeda fe Nomotol 
l2003llwamoto et al.ll2005HNomoto et al.ll2006l) of a faint 
(i.e., low energy) 25 Mq supernova in which a large 
amount of C, N, and O but little Fe is ejected, while a 
large fraction of Fe-rich ejecta is postulated to fall back 
onto the newly created black hole. (Sec Figure [H] for 
comparison of the observed and predicted abundances 
for H E 0107-5240 and HE 13 27-2326); (2) the model- 
ing of iHeger fc Wooslevl (j2010f ) who fit the observed stel- 
lar abundances by searching for a match within a large 
grid of Population III SN yields. Their best fit involved 
typical halo stars with a power-law IMF in the range 
M = 11 — 15 M.q, low explo sion energy, and little mixing; 
and (3) the investigation of lMevnet et al.l ()2006|) who ex- 
plored the influence of stellar rotation on elemental yields 
of 60 Mq near-zero-metallicity SNe. Mass loss from ro- 
tating massive Population III stars qualitatively repro- 
duces the CNO abundances observed in HE 1327—2326 
and other carbo n- rich metal - poor stars. In a somewhat 
different model, iSuda et "all (|2004f ) proposed a scenario 
in which the abundances of HE 0107—5240 originated 
in a Population III binary system that experienced mass 
transfer of CNO elements from the more massive com- 
panion during its AGB phase, together with subsequent 
accretion of heavy elements from the ISM onto the (less 
massive) co mponent now b e ing o bserved. Along the 
same lines, iCampbell et al.l (|201Q[ ) suggested a binary 
model for HE 1327—2326 in terms of s-process nucleosyn- 
thesis and mass transfer via a stellar wind. Qualitatively, 
the high C,N,0 and Sr stellar abundances could be ex- 
plained this way if the star were in a wide binary. That 
said, neither HE 0107-5240 nor HE 1327-2326 shows 
radial velocity variations that would indicate close bina- 



rity. 

Stars with [Fe/H] > —4.3 and "classical" halo abun- 
dance signatures have also been reproduced with Popu- 
lation III SN yields. Average abundance patterns of four 
non-carbon-enriched stars with —4.2 < [Fe/H] < —3.5 
were modeled with the yields of massive (~30 - 50 Mq), 
high explosion ener gy (~20 - 40x 10 51 e rgs), Popula- 
tion III hypcrnovae (jTominaga et al.l 120071 ) and also fit 
with i ntegrated yields of a sma ll number of Population III 
stars (jHeger fc Wooslevl I2010D . Special types of SNe or 
unusual nucleosynthesis yields have been considered for 
stars with chemically peculiar abundances, e.g., high Mg. 
It is, however, often difficult to explain the entire abun- 
dance pattern in this way. Abundances of additional 
stars with Fe/H] < -4.0, as well as a better understanding 
of the explosion mechanism and the effect of the initial 
conditions on SNe yields are required to arrive at a more 
comprehensive picture of the extent to which metal-poor 
stars reflect the ejecta of the original Population III ob- 
jects or, alternatively, those of later generations of SNe. 

Some metal-poor stars display abundance ratios of a 
few elements that differ by large amounts from the gen- 
eral halo trend (e.g., C, Mg). The level of chemical 
diversity also increases towards the lowest metallicities. 
For instance, as discussed in Section 14.2.11 a large frac- 
tion of the most metal-poor stars is ver y carb o n-rich 
(i.e., [C/Fe] > 0.7). In the compilation of lFrebell (|2010f l 
the C-rich fraction of stars with [Fc/H]< -2.0 is ~0.17. 
Most significantly, the fraction increases with decreas- 
ing metallicity (see Figure |4|; and indeed, three of the 
four stars with [Fc/H] < —4.3 are extremely carbon-rich. 
Reasons for this general behavior remain unclear. Could 
there be a cosmological origin for the large fraction of 
carbon-rich stars? Ideas for the required cooling pro- 
cesses necessary to induce sufficient fragmentation of the 
near-primordial gas to enable low-mass star formation 
include cooling based on enhanced molecule formation 
due to ionization of the gas, cooling through metal en- 
richment or dust, an d complex effects su ch as turbulence 
and magnetic fields (|Bromm et al.ll2009ft . Fine-structure 
line cooling thr ough C I and O II was s uggested as a main 
cooling agent (|Bromm fc Loebl I2003D . These elements 
were likely produced in vast quantities in Population III 
objects (see Section l4.2.1|) . and may have been responsi- 
ble for the ISM reaching a critical metallicity, sufficient 
for low-mass star formation. 

The existence and level of such a "critical metallic- 
ity" can be probed with large numbers of carbon and 
oxygen-poor metal-poor stars: if a threshold exists, all of 
these objects should have a combination of C and/or O 
abundances above the threshold for a critica l metallicity. 
A tran sition discriminant was defined by iFrebel et al.l 
(|2007bJ), which has since been slightly revised to £>trans = 
log(10[ c / H ]+0.9x 10[°/ H ]) (V. Bromm2011, private com- 
munication). No low-mass metal-poor stars should exist 
below the critical value of -Dtrans = —3.5. 

As can be seen in Figure[23l at metallicities of [Fe/H] > 
—3.5, most stars have C and/or O abundances that place 
them well above the threshold. They simply follow the 
solar C and O abundances scaled down to their respec- 
tive Fe values. Naturally, this metallicity range is not 
suitable for directly probing the very early time. Below 
[Fe/H] ~ —3.5, however, the observed C and/or O lev- 
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Fig. 23. — Left panel: Transition discriminant, -Dtrans, for Galactic halo (small red circles, thick black diamonds) and dwarf 
galaxy (blue squares) metal-poor stars as a function of [Fe/H], based on ID abundances. Black diamonds show stars with Dtrans 
values calculated from their C and O abundances. Red circles and blue squares depict lower Dt ran s limits based on only a known 
C abundance. The corresponding vertical bars show the potential range of Dtrans for a given star assuming O to be tied to C 
within the range —0.7 < [C/O] < 0.2. (If an upper limit on O is available and less than the maximal assumed O abundance, the 
bar is correspondingly shorter.) Circles or squares with bars plus additional arrows indicate interesting cases were only upper 
limits of C abundances are available and nothing is known about the O abundance. The solid line represents the solar C and O 
abundances scaled down with [Fe/H], while dashed and dotted lines display the transition discriminant Dtrans = —3.5 together 
with uncertainties. Th e "Forbidden zone" i ndicates the region with insufficient amounts of C and O for low-mass star formation. 
(Based on Figure 1 of iFrebel et al.l [2007bl with recent additions from the literature such as lCaffau et al.ll2011h . Right panel: 
Same as left panel, but for [Fe/H] < —4.1 and using 3D carbon and oxygen abundances, for the four most iron-poor stars. 



els must be higher than the Fe-scaled solar abundances 
to be above the critical metallicity. Indeed, apart from 
one object, none of the known lowest-metallicity stars 
appear to have Dtrans values or limits below the criti- 
cal value, consistent with this cooling theory. The ex- 
ception is SDSS J102915+172927, which has an upper 
limit for carbon of only [C/H] < -3.8 (ID) and < -4.3 
(3D). Assuming the above [C/O] range, this leads to 
Arans < (-3.6 to -3.0) (ID) and < (-4.1 to -3.5) (3D). 
However, only with a known O abundance can this low 
Arans value be conclusively determined. As can be seen 
in Figure [23l several other stars also have values that are 
close to Arans = —3.5, based on their ID abundances. 
Very high S/N spectra suitable for measurements of very 
weak CH and OH molecular features will be required to 
determine exactly how close the D tran s of these objects 
are to the critical value. 

The likely exception of SDSS J102915+172927 and sev- 
eral interesting "border line" cases notwithstanding, this 
cooling theory suggests that at low metallicity, carbon 
excesses are a requirement for the formation of most low- 
mass metal-poor stars. This is qualitatively in line with 
the empirical finding of a large fraction of carbon-rich 
stars and may thus reflect a generic avenue for low-mass 
star formation. Individual objects, of course, could be 
the result of unusual circumstances or different mecha- 
nism. For example, SDSS J102915+172927 could have 
formed from a gas cloud that was primarily cooled by 
dust grains, rather than atoms, made by the first stars. 
If future data show that the majority of the most metal- 
poor stars have Dtrans < —3.5, then dust cooling (induc- 



ing a much lower critical metallicity) would be a domi- 
nant cooling mechanism in the early Universe. 

6.2. The Milky Way 

During the past half century, two basically different ob- 
servationally driven paradigms were proposed for the for- 
mation of the Gala ctic halo. Th e first w as the monolithic 
collapse model of lEggen et al.l (|1962l) (h ereafter ELS), 
and t he second the accretion model of ISearle fe Zinn 
J 19781) (hereafter SZ). At the same time, iWhite fe R~ 
(|1978|) proposed, in a more general context, their CDM 
hierarchical clustering paradigm in which "The entire lu- 
minosity content of galaxies ... results from the cooling 
and fragmentation of residual gas within the transient 
potential wells provided by the dark matter." ELS pre- 
dicted a very rapid collapse phase (of a few 10 8 yr), and 
a dependence of kinematics on abundance together with 
a radial abundance gradient for halo material. SZ, in 
contradistinction, predicted a longer formation period 
of a few 10 9 yr, no dependence of kinematics on abun- 
dance, and no radial abundance gradient. Not too sur- 
prisingly, perhaps, neither gives a complete explanation 
of the more complicated reality. On the one hand, early 
work revealed no dependenc e of kinematics on a bun- 
dance for [Fe/H] < -1.7 (see IChiba fc Beersl I2IM and 
references therein) , while on the other, globular clus- 
ter age measurements demonstrated that although some 
clusters were significantly younger than the majority, 
the age spread was small for the bulk of the system- 
Figure [24l from the recent work of iMarm-Franch et al.l 
(|2009|) , presents the relative ages of 64 clusters as a func- 
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Fig. 24. — Relative ages, AgeNORM, for the Galactic globular clusters as a function of cluster metallicity, [M/H] (where [M/H] 
= [Fe/H] + log(0.638f + 0.362), and log(f) =[a/Fe]), from the work of Marm-Franch et al. (2009, Figure 13). Approximate 
absolute ages may be obtained as 12.8 x AgeNORM- 



tion of metallicity, [M/H], which illustrates this point. 

A t urning; point i n the discussion came with the discov- 
ery bv llbata et al.l ([19951 ) of the Sagittarius dwarf galaxy, 
which has been captured by the Milky Way and is cur- 
rently being torn apart in its gravitational field. Some 
six of the Galactic globular clusters are believed to have 
once b een part of the Sgr system. iMarin-Fr anch et al.1 
(120091) comment on similar over-densities in Monoccros 
and Canis Major that may contain several other glob- 
ular clusters and be associated with similar accretions. 
Against this background, it is then very instructive to 
consid er the detail of Figure [24j IMarin-Franch et al.l 
(|2009[ ) identify two groups of globular clusters: "a pop- 
ulation of old clusters with an age dispersion of ~5% 
(i.e., ~0.6Gyr) and no agc-metallicity relationship, and 
a group of younger clusters with an age-metallicity re- 
lationship similar to that of the globular clusters asso- 
ciated with the Sagittarius dwarf galaxy." Two thirds 
of the sample belong to the old group, one third to the 
younger. 

As noted above in Section l3.2.1[ there has been growing 
evidence that the field halo stars of the Milky Way com- 
pris e more than one pop ulation. The reader should con- 
sult iCarollo et al.1 (|2010f ) for the development of the case 
that the Galaxy's halo contains an inner and an outer 
component. They report the following essential differ- 
ences between the two components, which are dominant 
interior and exterior to -~15kpc: (1) the inner compo- 
nent is more flattened than the outer component, with 
axial ratio (c/a) values of ~0.6 and 1.0, respectively; (2) 
the inner component has small progradc systemic rota- 
tion, (V^) = +7 ± 4km s" 1 (i.e., rotating in the same 
sense as the Galactic disk), while the outer has retrograde 
rotation (V^) = -80 ± 13km s _1 ; and (3) the inner com- 



ponent is more metal-rich, with peak metallicity 
-1.6, while the outer one has peak metallicity 
-2.2. 
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Against this background, iMorrison et al.l (|2009l ) have 
reported another, more highly flattened halo component, 
with c/a ~ 0.2, which has "a small prograde rotation 
... supported by velocity anisotropy, and contains more 
intermediate- metallicity stars (with -1.5 < [Fc/H] < 
1.0) that the rest of [the] sample". 

While the detailed nature and relationships of these 
components remain to be fully understood, it seems likely 
the answer will be found within the hiera rchical ACDM 
parad igm reported above. The work of iZolotov et al.l 
(|2009() . for example, while supporting the SZ paradigm of 
halo formation, also produces a dual halo configuration 
of "in siiit" and 11 accreted!'' components, not unlike those 
envisaged in the ELS and SZ observational paradigms. 
Remarkably, these paradigms were first established on 
essentially observational grounds only. They are now be- 
ing explained in terms of a theoretical framework based 
on tracing the dark matter evolution from initial density 
fluctuations early in the Universe. 

Further support for a two compon e nt m odel comes 
from recent work of iNissen fc Schuster! (|2010l ). who have 
investigated the abundances of a-elements in the abun- 
dance range -1.6 < [Fe/H] < -0.4, as a function of kine- 
matics, with a view to comparing (in IZolotov et al.ll2009l 
terminology) the "in situ" and "accreted 1 components. 
Their results are shown in Figure [25] In the right panel 
one sees a large spread in [a/Fe], at fixed [Fc/H], that cor- 
relates strongly with position in the kinematic (so-called 
"Toomre") diagram on the left. The simplest and also 
extremely significant interpretation of this figure is that 
stars with [a/Fe] ^+0.3 to +0.4, with progradc kinemat- 
ics, are part of the "in situ" component, while those with 
[a/Fe] < +0.3, on principally retrograde orbits, belong to 
the "accreted" component. The reader will recall from 
Section [4.3.21 that low [a/Fe] is a key signature of the 
Milky Way's dwarf galaxies in the range -1.5 < [Fe/H] 
< 0.0 (see also Tolstoy et al. 2009, their Figure 11). Said 
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Fig. 25. — Left: kinematics (in which U, V, W are velocity components i n the Galactic frame) and right: [a/Fe] vs. [Fe/H] 
for metal-poor Milky Way stars, from the work of Nisscn & Schuster (2010). Circles and triangles refer to halo (and crosses to 
thick disk) stars, respectively. Note the strongly correlated relative positions of the filled and open circles in the two panels. 
See text for discussion. 



differently, Figure [25] is consistent with the view that 
dwarf galaxies have played an important role in the for- 
mation of the Milky Way halo. 

A complementary way to study the origin of the Milky 
Way, its halo, and similar large galaxies more generally, 
is through large-scale ACDM simulation of the growth of 
structure formation. A prominent issue with Milky Way- 
size halos at redshift z = is the predicted large number 
of CDM substructures that surround such a galaxy. The 
number of observed dwarf galaxies surrounding the Milky 
Way is, however, much lower and does not agree with 
such predictions. This mismatc h has been termed the 
missing -satellite" problem (e.g.. lMoore et aJJI1999h . 

It is thus apparent that many more questions about 
galaxy assembly and evolution still need to be resolved. 
Crucially, it remains to be seen to what extent small 
dark halos contained baryonic matter, subsequently ob- 
served as gas and stars, and how they evolved with time. 
One way to learn about the luminous content of small 
sub-halos is to investigate in detail the surviving dwarf 
galaxies, in particular the ultra-faint systems, that orbit 
the Milky Way. Studying the onset of star formation and 
associated chemical evolution in these satellites will pro- 
vide some of the currently missing information for our 
understanding of how the observed properties of small, 
faint systems relate to the dark matter substructures that 
built up larger galaxies. 

7. CONCLUSIONS & FUTURE PROSPECTS 

Old metal-poor stars can be employed as tools to learn 
about the conditions in the early Universe. The scien- 
tific topics that can be addressed in this way are nu- 
merous, and this chapter describes the most prominent 
questions to which metal-poor stars can provide unique 
insights. These include the origin and evolution of the 
chemical elements, the relevant nucleosynthesis processes 
and sites, and the overall chemical and dynamical history 
of the Galaxy. By extension, the abundance patterns in 
metal-poor stars provide constraints on the nature of the 
first stars and the initial mass function, and the chemical 



yields of first /early SNe. Moreover, studying metal-poor 
stars in dwarf galaxies opens up ways to learn about early 
star and early galaxy formation processes, including the 
formation of the Galactic halo through hierarchical as- 
sembly. 

Our review has highlighted the tension between the 
approximations inherent in 1D/LTE model atmosphere 
abundance analyses, on the one hand, and the more phys- 
ically realistic 3D/non-LTE (and more computationally 
challenging) formalism, on the other. Given abundance 
differences ~0.5 - 0.9 dex between the two formalisms for 
many elements, there is an urgent need for comprehen- 
sive investment in self-consistent 3D / non-LTE modeling 
of the relevant regions of T G ff/log g/[Fe/H] space. 

The most metal-deficient stars are extremely rare, but 
past surveys for metal-poor halo stars have shown that 
they can be systematically identified through several se- 
lection steps. Typically, the metal-poor halo stars found 
to date are located no further away than ~10 - 15kpc, 
with B < 16. This brightness limit ensures that ad- 
equate S/N spectra can be obtained in reasonable ob- 
serving times with existing telescope/instrument combi- 
nations. The outer halo beyond ^15kpc, however, is 
largely unexplored territory, at least in terms of high- 
resolution spectroscopy. Recent work has shown that 
the ultra-faint dwarf galaxies orbiting the Galaxy con- 
tain larger fractions of extremely metal-poor stars (i.e., 
[Fe/H] < -3.0) than does the Galactic halo. That said, 
there is a high price to be paid in order to observe these 
objects because most of them are extremely faint. Those 
that are currently observable with 6 - 10 m telescopes 
are only the brightest in a given system, and these are 
usually located on the upper RGB. At the limit are ob- 
jects at 19 th magnitude that can just be observed at high 
spectral resolution, requiring exposure times up to ~10 h 
per star in order to reach the minimum useful S/N ratio 
in the final spectrum. This is feasible only for individual 
stars, not for large-scale investigations. Objects lower on 
the RGB or even the main sequence (> 21 mag) are out 
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of reach, even for medium-resolution studies. 

Over the next few years all of these brightest dwarf 
galaxy stars will have been observed. What then? Ei- 
ther new larger telescopes, or additional dwarf galaxies 
that harbor more observable stars, are required. Ad- 
dressing both options is currently underway. To chem- 
ically characterize the Galactic halo in detail (includ- 
ing its streams, substructures and satellites) wide-angle 
surveys with large volumes are needed. The Australian 
Skymapper photometric survey (to begin in 2011) is opti- 
mized for stellar work. It will provide a wealth of metal- 
poor candidates in need of detailed high-resolution follow 
up to determine their abundances. The footprint of this 
project will be some three times larger than that of the 
HES. Newly discovered stars with B < 16 will enable 
an important advance in stellar archaeology by (hope- 
fully) trebling the number of "bright" objects available 
for high-resolution abundance studies with existing fa- 
cilities. A significant fraction of SkyMapper candidates 
will, however, be too faint for practical and efficient 
follow-up observations. In particular, the most metal- 
poor stars require high S/N to enable the detection of 
very weak absorption features. These will be the target of 
the high-resolution spectrographs on the new generation 
of 20 - 30 m telescopes. Among these new discoveries, 
it is expected that more of the most metal-poor stars 
(e.g. , those with [Fe/ H] < -5.0; iChristlieb et al.l [20021 
and lFrebel eFaII[2005T ) will be found. 

With SkyMapper, many more faint dwarf galaxies 
are expected to be found. Even though the brightest 
stars in them will still be at the observational limit for 
high-resolution spectroscopy, having more of these dwarf 
galaxy stars available for detailed studies will provide 
new insights into the nature and evolution of these small 
systems and their relationship to the building-up pro- 
cesses) of the Milky Way. Other photometric surveys 
such as Pan-Starrs and LSST are also expected to yield 
new dwarf galaxies. These surveys, however, will be use- 
ful for the search for metal-poor stars in dwarf galaxies 
only if coupled with additional follow-up efforts, due to 
the lack of sufficiently metal-sensitive filters. 

In addition to these photometric surveys, the Chinese 
LAMOST spectroscopic survey will provide numerous 
metal-poor candidates in the northern hemisphere, all 
based on medium-resolution spectra. GAIA is an as- 
trometric space mission led by ESA, scheduled to begin 
observations in 2012. It will obtain high-precision phase- 
space information for one billion stars in the Galaxy, 
along with the physical parameters and the chemical 
composition of many of these stars. These new data will 
revolutionize our understanding of the origin, evolution, 
structure, and dynamics of the Milky Way as a whole and 
of its components. In particular, the kinematic informa- 
tion (e.g., proper motions) that will become available for 
many known metal-poor stars will enable detailed stud- 
ies of how the abundances of different populations de- 
pend on kinematics. Furthermore, a precise selection of 
low-metallicity candidate stars based on, for example, ex- 
treme kinematic signatures, will become feasible. Since 
this is currently beyond reach for most metal-poor halo 
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giants, the GAIA astrometry should increase the yield of 
fainter metal-poor stars at larger distances. 

By having the opportunity to access fainter stars in the 
outer Galactic halo and dwarf galaxies, the next major 
frontier in stellar archaeology and near-field cosmology 
can be tackled. High-resolution follow-up of faint stars 
may become a reality with the light-collecting power of 
the next generation of optical telescopes, the Giant Mag- 
ellan Telescope, the Thirty Meter Telescope and the Eu- 
ropean Extremely Large Telescope. All three telescopes 
are currently in the planning and design phase with com- 
pletions scheduled around 2020. When equipped with 
high-resolution spectrographs, such facilities would not 
only permit in-depth analysis of new metal-poor stars 
in the Galaxy's outer halo and dwarf galaxies, but also 
make it feasible to obtain very high-S/N data of some- 
what brighter stars, to permit investigation, for example, 
of isotopic ratios such as 6 Li/ Li and r- process-enhanced 
stars, to provide crucial empirical constraints on the na- 
ture of the site and details of critical nucleosynthesis pro- 
cesses. This is currently possible only for the very bright- 
est stars. At the faintest magnitudes, individual stars 
in the Magellanic Clouds and perhaps even the bright- 
est objects in Andromeda could be observed with high- 
resolution spectroscopy. Studying massive dwarf galax- 
ies and another spiral system that resembles the Milky 
Way would provide unprecedented new insight into the 
chemical evolution of large systems and their formation 
process(cs). 

All of these new observations will be accompanied by 
an increased theoretical understanding of the first stars 
and galaxies, SN nucleosynthesis, the mixing of metals 
into the existing gaseous medium, and feedback effects in 
the early Universe, as well as cosmic chemical evolution. 
New generations of hydrodynamical, high-resolution cos- 
mological simulations will enable a direct investigation of 
chemical evolution by including more than one SN and 
corresponding fccdback(s), for example, in first-galaxy 
simulations. These will be sufficient for tracing the corre- 
sponding metal production and spatial distributions and 
enable direct comparisons with abundance measurements 
in the stars of dwarf galaxies. This in turn will shed new 
light on the question of whether the least-luminous dwarf 
galaxies resemble the first galaxies, and if they are early 
analogs of the building blocks of the Galactic halo. 
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